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Summary
This work has investigated the use of charcoal in the remediation of land 
contaminated with mixtures of metals and hydrocarbons using two strategies. Firstly, 
the removal of metal toxicity using highly metal adsorbent charcoals to stimulate the 
degradation of hydrocarbons and secondly, the use of charcoal as a microbial carrier 
to provide a population of specific contaminant degraders to enhance their 
degradation.
In a soil contaminated with a mixture of heavy metals, arsenic and phenanthrene, 
addition of highly metal adsorbing charcoal (nettle charcoal) and iron filings, alone 
and in combination, were effective at reducing copper leaching, restoring microbial 
function and enhancing phenanthrene degradation. In addition, iron filings were 
effective at reducing leachable arsenic levels, but had a negative effect on tire soil 
structure.
Wood charcoals were evaluated as microbial carriers for use in bioaugmentation. 
Survival of P. fluorescens colonising wood charcoals was found at copper 
concentrations thirty times higher than that toxic to free cells. This effect could be 
attributed to the formation of a biofilm within tire porous charcoal structure. 
Microcosm trials using charcoals inoculated with populations of hydrocarbon 
degraders were carried out to determine the necessity of bioaugmentation in the 
bioremediation of soils contaminated with both metals and hydrocarbons. The 
efficacy of microbial communities enriched on different hydrocarbon substrates to 
enhance the degradation of polyaromatic hydrocarbons and diesel range organics was 
assessed. In the soil examined, the use of specifically selected degrading populations 
were found to be unnecessary for enhancing the biodégradation of diesel range 
organics and phenanthrene once metal toxicity was removed by the addition of nettle 
charcoal. Removal of pyrene was low, despite the provision of pyrene degraders on 
inoculated charcoal, probably due to its low bioavailability to microorganisms.
Removal of metal toxicity by charcoal amendment is highly effective at enhancing the 
degradation of organic compounds but low bioavailability remains a key limiting 
factor in bioremediation.
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Chapter 1
Introduction
1.1. Contaminated Land
The UK has a long industrial history, the legacy o f which is contaminated land. Along 
with potential damage to human and environmental health, contaminated land is a wasted 
resource unless remediated and returned to use. In the UK contaminated land is defined 
under Part HA of the Environmental Protection A ct 1990 as “any land which appears to 
the local authority in whose area it is situated to be in such a condition by reason of 
substances in, on or under the land that: a) a significant harm is being caused or there is a 
significant possibility of such harm being caused, or b) pollution of controlled waters is 
being or is likely to be caused” .
The extent o f land contamination is difficult to gauge with remediation requirements 
based on endpoint uses, but in 2000 the Environment Agency estimated up to 100 000 
sites covering between 50 000 and 200 000 hectares could be affected by contaminants 
such as hydrocarbons, industrial solvents, heavy metals, cyanides and radioactive 
isotopes in the UK alone (Environment Agency 2000).
1.1.1. Metal Contamination
Heavy metals are defined as those with a density o f greater than 6g/cm^ and atomic 
num ber greater than 20 (Alioway 1993, Alloway 2001). These include elements such as 
copper, zinc, cadmium, lead and arsenic. They are a widespread environmental problem 
and are dischar ged into air, water and soils from  a variety of sources including mining, 
manufacturing, fertilisers, pesticides, sewage sludges and waste dumps. W hile metals 
can be transformed from one chemical state to another, they are non-degradable. They 
are retained in soil by adsorption onto mineral particles, complexation by humic 
substances and precipitation reactions (Alloway 1993). This means that they accumulate 
in the soil’s surface layers and will persist indefinitely. Metal pollution has a wide- 
ranging impact on animal, plant and microbial species. Metal species that are water 
soluble can be absorbed into living tissues where they bind to functional groups in 
biomolecules, blocking their normal functions and causing toxicity (Yu 2005). In soils, 
microbial growth is slowed or diminished completely and symptoms of metal toxicity in
plants include inhibited root growth and stunting or dwarfing o f shoots (Roane et al. 
1998). Soil levels of cadmium and zinc downwind of a smelting works in Avonmouth, 
UK, have been found to be a thousand fold higher than background levels and have been 
linked to an absence o f earthworms in  the area (Spurgeon & Hopkin 1999). Metals can 
leach from soil into groundwater supplies or be talcen up by plants, thereby entering the 
food chain where they accumulate and pose risks to human health. In humans heavy 
metals are reported to cause cancer, damage nerves and the central nervous system and to 
accumulate in organs such as the liver, kidneys and bones (Baird & Cann 2005).
Metal toxicity is determined by the metal species present and their availability to 
organisms rather than their total concentration. Spéciation and bioavailability are 
dependent on the soil properties and are factors that determine the success o f remediation 
techniques aimed at metal detoxification (Hursthouse 2001).
1.1.1.1. Metal Spéciation and Bioavailability in Soil
M etal spéciation in soil is largely due to the combined effects of pH and redox potential 
(Alloway 1993). Generally under acidic conditions metals exist as ionic species or 
soluble organometallic compounds. These soluble species tend to be more mobile and 
are therefore more likely to cause toxicity. At high pH, metals are usually present as 
insoluble minerals such as carbonates, phosphates and hydroxides. Metal species can 
also be transformed by oxidation and reduction reactions in the soil, often catalyzed by 
microorganisms (Roane et al. 1998). Under oxidizing conditions metals tend to exist in 
free ionic form with increased solubility and toxicity. In reduced conditions metals are 
precipitated as carbonates and sulphides.
Bioavailability refers to the fraction o f contaminant that can be taken up by living 
organisms. For metals this is dependent on both solubility of the metal species and 
sorption to solid surfaces (Roane et al. 1998). Clay minerals are particles with a diameter 
of less then 2pm, formed from the weathering o f rock (Alloway 1993). They have a large 
surface area with a permanent negative charge so readily adsorb metal cations. Organic 
matter contains a wide variety of functional groups such as carboxyl, carbonyl and
hydroxyl groups which form chelate complexes with metal cations. Due to this soiption 
capacity, the quantities of minerals and organic m atter in a soil play an important role in 
controlling the concentration of ions in the soil solution. At low pH protons displace 
organic and particulate bound metals and therefore the bioavailability o f metal ions 
normally increases with decreasing pH.
The properties of the metals themselves will also affect their bioavailability. Lead binds 
strongly to organic matter, forming stable complexes and displaces other ions such as 
cadmium and zinc (McEldowney et al. 1993). Therefore, it has relatively low solubility 
and mobility. Conversely, zinc is highly mobile and forms soluble organic and mineral 
complexes even at high pH (M ulligan et al. 2001). Cadmium is highly soluble and 
mobile at low pH, but above pH  7.5 it becomes insoluble. Arsenic is a metalloid with 
properties intermediate between metals and non-metals (Yu 2005). It exists in the 
environment mainly as arsenite (AsO]^") and arsenate (As0 4 ‘^) anions. As the pH 
increases the mobility of arsenic anions also increases.
1.1.2. Organic Contamination
Organic contaminants found in soil include petroleum hydrocarbons, industrial solvents, 
dioxins, pesticides, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated 
biphenyls (PCBs) from sources such as chemical works, oil refining and petrochemical 
plants, gasworks sites and manufacturing (Alloway 2001). The fate of organic pollutants 
in the environment is determined by their polarity, solubihty, volatility, toxicity and 
biodegradability (Eweis et al. 1998). Non-polar compounds are often hydrophobic and 
therefore concentrate or partition into soil organic matter. As a result they are less mobile 
and less available in the water phase for degradation by microorganisms. Polar 
compounds tend to be more soluble and therefore are more likely to spread and leach into 
water supplies. Volatile compounds are readily lost from the soil into the atmosphere. 
Many organic compounds can be degraded by soil microorganisms. However, the rates 
at which this takes place vaiy greatly and are dependent on soil conditions, such as 
temperature, redox potential, mineral nutrients and the presence of suitable 
microorganisms. The susceptibility o f a given organic molecule to biodégradation is
largely dependent on its structure, including the degree of branching, level o f saturation 
and nature and extent of substituents (Eweis et al. 1998). Compounds most resistant to 
degradation tend to be highly branched, possess halogen atoms or have low water 
solubility. Toxicity caused by the organic contaminants themselves and other co­
contaminants, particularly at high concentrations, can have an inhibitory effect on 
degradation rates.
1.1.2.1. Petroleum Hydrocarbons
Petroleum hydrocarbons include a range o f straight chain, branched, cyclic and aromatic 
compounds from CH4 to C76H 154 (Eweis et al. 1998). Hydrocarbon contamination from 
the use and processing of fossil fuels is the most common source of organic pollutants in 
the soil and it has been estimated that 30% of filling stations in the UK may be causing 
pollution through the leakage of underground storage tanks (Alloway 2001). Many 
organisms possess the capacity to degrade petroleum hydrocarbons, and as such, they are 
often readily degraded providing soil conditions are suitable (Rosenberg & Ron 1998).
1.1.2.2. Polycyclic Aromatic Hydrocarbons
PAHs are compounds that consist of fused benzene rings and are persistent organic 
pollutants (Table 1.1). They are components of fossil fuels and are released through the 
incomplete combustion of carbonaceous materials such as wood, coal and diesel (Mueller 
1998). Creosote and coal tar also contain significant quantities of PAHs. PAHs are non­
polar and uncharged. As such, they have low aqueous solubility and tend to be associated 
with particle surfaces and organic matter within the soil (Johnsen et al. 2005). Aqueous 
solubility, and therefore bioavailability o f PAHs, decreases approximately 
logarithmically with increasing m olecular mass. Therefore, high molecular weight PAHs 
(4 or more rings) have longer residence times in soils than low molecular weight PAHs (3 
rings or fewer) (Mueller et al. 1998). Several PAHs are listed as carcinogenic and the US 
Environment Protection Agency has listed 16 PAHs as priority pollutants (Table 1.1).
Table 1.1. Physical and chemical properties of 16 US EPA PAHs (Code of Federal Regulations 1982)
PAH MolecularWeight Structure
Solubility Carcinogenic
(g/1)^________ Potential*
Naphthalene
Acenaphthene
Acenaphthylene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
128
154
152
166
178
178
202
0.00316
0.016
0.0038
0.0019
0.0012
0.000044
0.00021
Pyrene 202 0.000139
Benzo[a]anthracene 228 0.0000093
Chrysene 228
Benzo[b]fluoranthene 252
Benzo[k]fluoranthene 252
0.0000019
0.000002
0.0000008
Benzo[a]pyrene 252 0.0000043
Dibenzo[ah] anthracene 278
Benzo[ghi]perylene 276
Indeno[123-cd]pyrene 276
0.0000005
0.00000026
0.0000002
++
’ According to CRC Handbook o f  Chemistry and Physics (2008)
♦According to lARC monographs on the carcinogenic risk o f  chem icals to humans (1983)
+ +  sufficient evidence o f causal relationship between the tested agent and human cancer, + limited evidence, causal relationship is 
likely, but not proven, ±  inadequate evidence, botli negative and positive data available, - sufficient evidence to exclude 
carcinogenicity o f the tested agent
PAHs are degraded by activation of the benzene rings, usually through the addition of 
oxygen, followed by ring cleavage (Eweis et al. 1998). PAHs are degraded one ring 
at a time and involve a consortium of microorganisms with complementary 
degradative capacities. The degradation of PAHs can serve three functions (Johnsen 
et al. 2005). Firstly mineralization to provide carbon and energy for the degrading 
microorganisms, secondly detoxification to make PAHs more water soluble for 
excretion and thirdly co-metabolism in which PAHs compete with a structurally 
similar substrate for an enzyme active site and are metabolised without the provision 
of energy. For example, white-rot fungi produce lacases and peroxidises that catalyse 
the oxidation of lignin (Johnsen et al. 2005). These same enzymes also catalyse the 
oxidation of PAHs without the fungi gaining from this process. Low molecular 
weight PAHs can induce enzymes for the degradation of higher molecular weight 
PAHs by co-metabolism, and as a result, high molecular weight PAHs can be resistant 
to degradation if low molecular weight PAHs are not present (Eweis et al. 1998).
1.2. Remediation of Contaminated Land
The risk posed by contaminated land is assessed in terms of the pollutant linkages 
(Environment Agency 2004). Pollutant linkages consist of three components, a 
contaminant, a receptor and a pathway. A contaminant is a substance in, on or under 
the land that has the potential to cause harm or pollution. A receptor is something that 
could be adversely affected by a contaminant such as people, an ecological system, 
property or a water body. A pathway is a route or means by which a receptor can be 
exposed to, or be affected by a contaminant. When linked together these three 
components create a risk i.e. a particular contaminant affects a particular receptor 
through a particular pathway.
Contaminated land can be remediated by breaking the pollutant linkage. For example, 
a contaminant may be present but without a pathway to a receptor it does not pose a 
risk. This can be acliieved by removal or modification of the contaminant, isolation 
or separation of the contaminant, interruption of the pathway of contaminant 
movement and exposure or protection or removal of the receptor (Wood 2001). Many 
types of remediation process deal with specific types of contaminants or substrates
and therefore approaches to remediation are site specific. Conditions on site and in 
the surrounding areas, which receptors and pathways are present and how they will be 
affected need to be considered (Environment Agency 2004). As such sites with 
complex mixtures of contaminants can be particularly problematic to remediate.
Remediation strategies can be divided into 3 broad approaches: natural attenuation, 
engineering based approaches and process based technologies (Figure 1.1.) (Strange 
& Langdon 2008, Wood 2001).
Remediation Strategies
Natural Attenuation
Monitoring
Engineering Based 
Technologies Process Based Technologies
Excavation
Containment
Hydraulic Measures
Thermal
Physical
Chemical
Biological
Figure 1.1. Remediation strategies for the treatment o f contaminated land (Strange & Langdon 2008, Wood 2001).
1.2.1. Natural Attenuation
Natural attenuation monitors and measures the processes that occur naturally in the 
environment which can break down the contaminant or break the pathway to the 
receptor. These processes include aerobic and anaerobic degradation, precipitation, 
redox reactions, adsorption and absorption, filtration, dilution and volatilisation. This 
strategy is in-situ and entails no disturbance of the site so can be economically viable, 
sustainable and logistically easier to implement than other remediation strategies. 
However, it requires extensive monitoring and a detailed understanding of the 
chemical and physico-chemical conditions on site, such as the soil and groundwater 
conditions, hydrogeology and biological activity, in order to predict the outcome.
1.2.2. Engineering Based Strategies
Engineering based strategies either remove or contain the contaminant thereby 
blocking pollutant pathways to potential receptors. Engineered stiategies include 
landfill, containment and hydraulic measures. Landfill or ‘dig and dump’ strategies 
excavate tlie contaminated material and transport it to another site where it is buried. 
While landfill is a rapid solution to a wide range of contaminants, the volume of 
contaminated material is not reduced but simply moved to another location. 
Combined with the increasing shortage of suitable landfill space and costs involved, 
landfill is increasingly less viable. Containment prevents or limits the migration of 
the contaminant by capping, in ground barriers and break layers. Like landfill it can 
be a rapid solution to a range of contaminants, but the contaminant remains on site so 
may need long term monitoring and restrictions may be placed on the future use of the 
site. Hydraulic measures manipulate the groundwater to prevent spreading of a 
contaminant plume. Groundwater is removed, treated and then returned to site and 
can be effective at treating and preventing the further spread of contamination.
1.2.3. Process Based Technologies
Process based methods can be divided into four types; thermal, physical, chemical and 
biological treatment. Thermal treatments use heat to remove or destroy organic 
contaminants. Strategies include desorption to volatilize organics to be scrubbed out 
later, incineration in which all soil organic matter is destroyed or vitrification which 
traps remaining metal contaminants in a glassy product. Thermal treatments are 
energy intensive and destroy the soil structure. Hazardous waste streams, mainly 
gases, may also be produced which need to be treated.
Physical treatments separate contaminated from uncontaminated material by 
exploiting differences in physical properties (such as density or particle size) or by 
applying external forces (such as abrasion). Physical processes include washing and 
sorting treatments and extractions. Soil washing and sorting concentrates 
contaminants into a smaller volume thereby reducing the cost of disposal or further 
treatment. Aqueous washing media separate out course, generally uncontaminated 
material from the fine, generally contaminated fraction. Mechanical scrubbing and
attrition can remove the contaminant from the soil surfaces. Extraction treatments 
remove the contaminant from the soil by mobilising them. Soil vapour extraction 
strips volatile components from the soil under reduced pressure, while soil flushing 
uses chemical agents to mobilise and extract the contaminant. Electioremediation 
uses an electrical current to cause movement of the contaminant in the pore water 
where it is collected and treated. These processes can reduce the volume of hazardous 
material and provide a permanent solution by removing contaminants completely. 
The use of solvents and chemical agents can present further risks and create waste 
streams that need to be treated or disposed of. Physical treatment methods can be 
used to treat a range of contaminants including heavy metals and organic compounds.
Chemical processes either destroy the contaminant or convert it into a less 
environmentally hazardous form. Processes include oxidation-reduction reactions, 
dechlorination, extraction, hydrolysis and pH adjustment. They are applicable to a 
wide range of matrices but unreacted chemicals may remain in the soil and it may be 
difficult to control site conditions to get the required outcome. Stabilisation and 
solidification of contaminated material either converts the contaminant to a less 
mobile form or binds it within a matrix with low leaching potential. Stabilisation 
techniques are more suited to the remediation of metals than to the remediation of 
organic contaminants and amendments include Portland cement, lime, silicates, 
polymers and modified clays. Stabilisation and solidification is a rapid treatment 
method and can improve the geotechnical properties of the soil. However, the 
contaminant is not removed or destroyed and the addition of amendments can increase 
the volume of material considerably. Long term monitoring may also be required as it 
can be difficult to predict the long term stability of the amendments and the resulting 
products.
Biological processes exploit biological pathways to treat contaminants. Metals can be 
accumulated into plant biomass which is later disposed of (Pilon-Smits 2005). 
However, plants that hyper-accumulate metals aie often small and slow growing and 
therefore it may take many years to decontaminate a site. Alternatively, metals can be 
transformed to insoluble, less available salts by microbial action (Roane et al. 1998). 
Bioremediation is most often used in the remediation of organic compounds which 
can be degraded to innocuous end products such as carbon dioxide and water provided
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conditions on site are suitable. It can be a cost effective in- and ex situ treatment and 
may be integrated with other processes. However, long timescales may be required to 
achieve complete degradation and final residual levels along with the generation and 
accumulation of toxic degradation products can be difficult to predict.
1.3. Bioremediation of Petroleum Hydrocarbons and PAHs
The ability to degrade hydrocarbons is present in a wide variety of bacteria and fungi 
(Haritash & Kaushik 2009, Rosenberg & Ron 1998). Aliphatic hydrocarbons present 
in diesel and petroleum as well as low molecular weight PAHs are often readily 
degradable, while high molecular weight PAHs are much slower to degrade and are 
therefore more persistent (Mueller et al. 1998). In order for bioremediation to be 
successful, there are tliree conditions which must be fulfilled (Baird & Cann 2005, 
Admassu & Akorus 1998). Firstly, the contaminant must be susceptible to biological 
degradation and physically accessible to microorganisms. Secondly, the appropriate 
microbes must be present in sufficient numbers and thirdly, environmental conditions 
such as soil pH, temperature, oxygen and nutrient levels and the absence of toxicity 
need to be such that microorganisms can function. If any of these conditions are 
absent or limited, bioremediation is inhibited. Therefore bioremediation strategies 
aim to overcome these rate limiting factors. There are three main strategies for the 
bioremediation of organic compounds, monitored natural attenuation, biostimulation 
and bioaugmentation.
1.3.1. Monitored Natural Attenuation
Natural attenuation allows the indigenous microbial populations to degrade the 
contaminant with monitoring of the site to determine if further treatment is required. 
This can be effective if site conditions are suitable, including sufficient nutrients, 
aeration and a large natural microbial community with the capacity to degrade the 
contaminant. For example, natural attenuation of a diesel contaminated soil was 
compared with the addition of inorganic nutrients and biosolids to provide a slow 
release of inorganic nutrients and an additional carbon substrate (Sarker et al. 2005). 
After 8 weeks there were no significant differences between the treatments and it was 
concluded that the indigenous soil microbes and soil conditions were sufficient for
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degradation to take place. However, on many sites soil conditions for microbial 
activity that lead to contaminant degradation are sub-optimal and timescales for 
natural attenuation to take place may be too long or the level of contaminant leaching 
during this time may be unacceptable. In these situations, action is required to speed 
up the bioremediation processes.
1.3.2. Biostimulation
Many soils have indigenous populations that will degrade contaminants if conditions 
are favourable (Krumholz et al. 1998, Vidali 2001, Bamforth & Singleton 2005). This 
is particularly true of sites with a history of contamination in which populations have 
had time to adapt to the contaminant as a carbon source. Biostimulation aims to 
optimise soil conditions to stimulate microbial growth and degradation. Strategies 
include the addition of inorganic fertilisers, oxygen, water and bulldng agents such as 
straw or wood chips. The addition of materials that can act as an additional carbon 
substrate can also be effective since it can increase and maintain high microbial 
growth rates and promote the degradation of contaminants by co-metabolism (Kastner 
& Mahro 1996, Semple et al. 2001, Lee et al. 2008, Gandolfi et al. 2010). Compost 
addition is ideal for this since it provides a source of carbon, vitamins and trace 
elements and can improve soil aeration, pH and water holding capacity. In a pilot 
field study the addition of 5% w/w pig manure compost was compared with 
amendments with 5% w/w pine sawdust, 1% w/w rice hay and the addition of 
inorganic mineral nutrient in a soil contaminated with heavy oil (Lee et al. 2008). 
Compost addition was the most effective treatment at improving soil conditions and 
resulted in a high microbial activity. Degradation after 105 days was between 18 and 
40% in the amended soils with compost being the most effective, compared to 9% 
degradation in the control. The main disadvantages of compost as a soil amendment 
are that it can increase the volume of material considerably and may reduce the 
bioavailability of organic contaminants since they can partition into the additional 
organic matter.
Bioavailability is a key limiting factor in the degradation of organic contaminants 
(Johnsen et al. 2005). The degradation of PAHs and hydrophobic substrates is limited 
by the amount dissolved in the water phase. In soil, contaminants can be
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heterogeneously distributed, absorbed inside organic particles or trapped in small 
inaccessible pores. Mixing does not occur naturally in the soil and diffusion through 
the soil can be orders of magnitude less than in water. Therefore PAH degrading 
bacteria can be physically separated from the PAHs they utilise. The bioavailability 
of organic contaminants can be increased by the addition of surfactants to the soil 
which increases their water solubility (Calvo et al. 2009, Kobayashi et al. 2009, Ron 
& Rosenberg 2002, Pannu et al. 2003). However, results can be highly varied either 
improving degradation, having no impact or inhibiting degradation, suggesting that 
the application of surfactants may need to be optimized for a particular system. In a 
study on the effects of surfactants on the solubility and biodégradation of high 
molecular weight PAHs by Stenotrophomonas maltophilia, anionic and cationic 
surfactants were found to be highly toxic to the strains used, while the Tween series 
was used as an alternative carbon source by the organisms (Boonchan et al. 1998). 
Five non-ionic surfactants including Triton-X 100 and Brij 35 were not utilized by the 
organism, found to be less toxic and improved the solubility of high molecular weight 
PAHs in liquid media by over 250 fold when added at a rate of lOg/1.
The addition of water-extractable organic matter from cow manure compost was 
found to increase the solubility of phenanthrene, pyrene and benzo(a)pyrene 
(Kobayashi et al. 2009). In a bioremediation trial using sphingomonas sp. the 
addition of lOOOmgC/1 water-extractable organic matter increased degradation of 
pyrene by 118% compared to the addition of minimal salts medium and was 12% 
higher than the addition of glucose and ammonium nitrate which provided both an 
additional carbon source and inorganic nutrients. It was concluded that water soluble 
humic substances were responsible for this improvement in PAH degradation by 
increasing the bioavailability of the PAHs.
Vegetable oils have been suggested as a natural, non-toxic and cost-effective 
surfactant to solubilise PAHs and act as a growth substrate to stimulate microbial 
growth. A 0.1 or 0.2% v/v amendment of peanut oil was found to increase PAH 
degradation in aqueous media and weathered soil slurry systems by 15 to 80% (Pannu 
et al. 2003). The most pronounced effect was noted for PAHs with more than 3 rings. 
However, amendment with 0.3% v/v peanut oil was found to be inhibitory. It was 
proposed that the peanut oil was beneficial by increasing the desorption of PAHs from
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the soil, increasing co-metabolic transformations by providing an additional carbon 
substrate and possibly by promoting the production of biosurfactants by the microbial 
populations which further enhanced PAH solubility.
Biosurfactants produced by microorganisms are often more effective than chemical 
surfactants at increasing the bioavailability of hydrophobic compounds (Ron & 
Rosenberg 2002, Calvo et al. 2009, Rosenberg & Ron 1998). They either solubilise 
hydrophobic compounds or change cell surface hydrophobicity enabling the cell to 
attach and detach from surfaces. They are generally less toxic and less stable than 
synthetic surfactants, so pose less risk to the environment. The composition and 
activity of a biosurfactant are dependent on the producing microbial strain and culture 
conditions and only a few of these microorganisms possess the ability to degrade 
PAHs (Calvo et al. 2009, Johnsen et al. 2005). The use of biosurfactants in 
remediation involves either the addition of biosurfactant producing organisms to the 
soil that can either degrade the contaminant themselves or solubilise them for other 
microorganisms to degrade, or the addition of the biosurfactant itself to the soil. The 
addition of the biosurfactants requires the scale up of their production to an industrial 
scale while the addition of biosurfactant producing organisms is limited by their 
ability to survive and compete in the environment and the conditions in the soil, all of 
which determine the amount of surfactant that is produced.
In soils with a complex mixture or high concentrations of contaminants, toxicity 
caused by the contaminants can inhibit microbial growth and therefore limit 
bioremediation. For example, soil contaminated with metals and organics are a 
complex problem since metals are toxic to the soil microbial community and therefore 
inhibit microbial activity that leads to the degradation of organic contaminants in the 
site. Toxic metal cations can substitute for essential cations in an enzyme causing loss 
of function while metal oxyanions, such as arsenate, can replace similar essential 
anions like phosphate (Sandrin & Maier 2003). Metals may inhibit pollutant 
degradation either directly through interaction with the enzymes involved in 
contaminant degradation or indirectly through interaction with the enzymes of general 
metabolism. To treat sites with mixed contaminants, metals must be eitlier removed 
or stabilized within the site to reduce bioavailability before degradation of 
hydrocarbons can take place. Once the source of toxicity is removed, biodégradation
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can begin, however, tliere may be a long lag time before the capacity to degrade the 
organic contaminants develops while microbial communities establish themselves. 
Therefore, in cases where the concentration of toxic and recalcitrant PAHs is high or 
where inhibiting co-contaminants such as heavy metals are present the addition of a 
microbial community capable of degrading specific hydrocarbons to the soil may be 
advantageous (Mueller et al. 1998).
1.3.3. Bioaugmentation
Bioaugmentation is the addition of contaminant degrading organisms to the soil. The 
main hurdle to the successful use of bioaugmentation is the maintenance of sufficient 
activity by the inoculant over a prolonged period of time (Vinas et al. 2005, Mueller et 
al. 1998). Inoculated bacteria often do not survive as they fail to compete with the 
better adapted indigenous microflora or are simply not adapted to the physico­
chemical conditions of the soil tliey are introduced to. Biotic factors, such as 
predation and competition, and abiotic factors, including soil texture, pH, temperature, 
moisture content, substrate and nutrient availability and the presence of other toxic 
chemicals that inhibit microbial activity, determine the survival of introduced 
organisms (van Veen et al. 1997). Careful selection of inoculants can go some way to 
overcoming these problems. While selection of inoculants on the basis of their ability 
to degrade contaminants is key, their compatibility with the environment, such as an 
ability to survive under a range of conditions and degrade low concentrations of 
substrate should also be considered (Mueller et al. 1998). In a soil contaminated with 
heavy metals and spiked with diesel oil bioaugmentation with native strains selected 
to have heavy metal resistance was used to remove the bottleneck to bioremediation 
(Alisi et al. 2009). A 75% reduction in total diesel hydrocarbons was achieved over 
42 days, however, the level of natural attenuation in this soil was not determined. 
Therefore the necessity for bioaugmentation of this soil and the success of this 
remediation strategy is difficult to determine.
The use of microbial consortia is often more effective for enhancing the degradation 
of complex hydrocarbons than single isolates as different bacteria perform different, 
but complementary metabolic functions that lead to the complete degradation of a 
hydrocarbon. Bacterial and fungal isolates from a consortium inoculated separately
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onto anthracene spiked soil were less effective than the mixed consortia at degrading 
anthracene, showing a synergistic promotion of PAH mineralization by tlie microbial 
consortium (Jacques et al. 2008). Often, the best bioaugmentation performance can 
be achieved through culturing the microorganisms already present in the soil since 
they are already adjusted to the physical and chemical conditions in the contaminated 
site (Bento et al. 2005). A comparison of bioaugmentation with biostimulation and 
natural attenuation for two soils contaminated with petroleum hydrocarbon showed 
that bioaugmentation was the most effective approach when the culture was taken 
from the soil itself, removing 75.2% and 72.7% of the light and heavy petroleum 
fractions respectively compared to 45.8% and 45.2% using biostimulation and 48.7% 
and 45.7% for natural attenuation (Bento et al. 2005). However, bioaugmentation 
with the same culture on a different soil was ineffective and in this case natural 
attenuation was marginally the best remediation strategy.
1.3.3.1. Microbial Carriers in Bioaugmentation
Microbial carriers that provide a protective environment to the microbial inoculants 
either physically, by the provision of a protective surface or pore space, or 
nutritionally, by providing specific substrates, are also a route to improve inoculant 
survival (van Veen et al. 1997). By carefully selecting the properties of the carriers 
and the inoculants, immobilized systems have the potential to be tailored to the 
particular contaminants present on site and therefore could be applicable to a wide 
range of situations. A key characteristic of a microbial carrier is the ability to deliver 
a large population of viable cells when and where required. Other characteristics 
include them being non-polluting, non-toxic, biodegradable, of consistent quality, 
suitable for a variety of strains of microorganisms, nearly sterile or easily sterilised, 
easily manufactured, allow for the addition of nutrients, be reasonably priced, easily 
sourced and offer a long shelf life to the inoculants (Bashan 1998). Peat is commonly 
used as a carrier of plant growth promoting bacteria. The main drawbacks of which 
are the variability in quality, variation between batches and difficulty in sterilisation 
(Bashan 1998). Encapsulation in alginate beads has been shown to allow 
multiplication of the inoculants within the beads along with a steady and constant 
release of cells (Bashan 1986, Young et al. 2006). Vermiculite, which has a 
multilamellate structure, has been shown to provide aeration and pore space for
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microbial proliferation, and was successfully inoculated with Rhizobium and stored 
for a year at room temperature maintaining a population of 10® -  lO^cfu/g (Graham- 
Weiss et al. 1987).
^  Microorganisms immobilised on various matrices have been used successfully in
I bioremediation trials for hydrocarbon contaminants both in the laboratory and in the
; I field. Microorganisms encapsulated in a polyvinyl alcohol (PVA) cryogel were
: I shown to be effective in decontaminating diesel contaminated biopiles in the
I laboratory (Cunningham et al. 2004). Over a 32 day trial, the PVA encapsulated cells,
! co-inimobilised with a synthetic oil absorbent, removed 53.5% of the diesel,
compared with 11.4% for control piles, 29.9% for piles aerated with wood chips and 
29.2% for biostimulated piles with wood chips. Benzo[a]pyrene was degraded more 
quickly using Mucor sp. SF06 and Bacillus sp. SB02 co-immobilised on a vermiculite 
carrier than by microorganisms that were inoculated without the vermiculite carrier 
(Dan et al. 2006). 95.3% removal of benzo[a]pyrene, added at a rate of 50mg/kg, was 
achieved after 42 days using a 2% amendment rate of inoculated vermiculate 
compared to 79.6% removal using the carrier free inoculum. In a field scale study, an 
inoculum applied using a corn-cob powder cairier was used to remediate oily-sludge 
contaminated soil (Mishra et al. 2001). Two plots treated with the immobilised 
bacteria inoculants showed 92.0% and 89.7% removal of TPH over a 1 year period 
compared to an unamended control plot. It was also demonstrated that the 
populations of introduced strains were stable after 1 year at lO^cfu/g.
In aqueous systems, gellan gum microbeads were evaluated for the removal of 
gasoline under aerobic conditions (Moslemy et al. 2002). Encapsulation was found to 
eliminate the adaptation period of the microorganisms, leading to a higher initial 
degradation rate. However, the microbeads were less effective in soil systems. Chi tin 
and chitosan flakes, by-products of the fishing industry, were used in seawater trials 
as carriers for bacteria capable of degrading crude oil. Up to 60% removal of crude 
oil was achieved using immobilized organisms compared to 30% removal achieved by 
inoculation without the carrier over a period of 15 days (Gentili et al. 2006).
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1.4. Charcoal
Charcoal is formed from the partial pyrolysis of carbon rich materials like wood, 
lignite and bone in non-oxidising conditions. In general charcoals have a high carbon 
content, a porous structure and a large surface area (Antal & Gronli 2003). During the 
charring process most of the chemical bonds in the starting material are fractured and 
rearranged to form aromatic structures. The final material is porous with FTIR 
analysis revealing functional groups on the charcoal surface including hydroxyl, 
carboxyl, carbonyl, ether and lactone structures (Antal & Gronli 2003). The pyrolysis 
process greatly affects the properties of the charcoal produced. Principle factors are 
the feedstock biomass, highest temperature, heating rate and furnace residence time 
(Table 1.2) (Antal & Gronli 2003, Downie et al. 2009). The proportion of hemi- 
cellulose, cellulose and lignin content within the feedstock biomass determines the 
extent of volatilization during the charring process as they break down and carbonize 
at differing temperatures affecting the properties of the finished charcoal (Downie et 
al. 2009). At temperatures above 120°C organic materials begin to undergo thermal 
degradation and loose chemically bound moisture. Hemicellulose degrades between 
200 and 260°C, cellulose between 240”C and 350°C and lignin between 280 to 500”C. 
Therefore the proportions of these compounds in the starting material will influence 
the degree of reactivity and therefore the degree of structural change upon heating. 
As the temperature in the charring vessel increases, functional groups on the surface 
are gradually lost so that by 950°C many charcoals have a structure resembling 
graphite (Antal & Gronli 2003).
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Table 1.2. Variation in surface area o f charcoal with starting material, heating rate, and final temperature o f charring. Surface 
areas were measured using Brunauer-Emmett-Teller (BET) isotherms.
Starling Material Heating Rate (°C/Ii)
Final Temp. 
CC)
BET surface area 
(m7g) Reference
Pinus rigida 200 450 1.34 (Brown et al. 2006)
(Pine Wood) 650 450 6.32
650 600 370
650 750 420
Hibiscus cannabinus 60 1000 383 (Inagaki et al. 2004)
(Kenaf plant) 300 1000 500
660 1000 1402
Hazel nut shell 1200 900 0.11 (Haykiri-Acma 2006)
Charcoal consists predominantly of carbon (often over 90%), while other elements 
such as hydrogen, oxygen, nitrogen, phosphorus and sulphur are incorporated in 
aromatic rings as heteroatoms and functional groups (Amonette & Joseph 2009). The 
ash contents of charcoals can vary considerably. Wood charcoals are characterised by 
low ash contents and high caibon contents, while those produced from non-wood 
biomass such as wheat straw and rice husks contain much higher ash contents (Table 
1.3) (Amonette & Joseph 2009).
Table 1.3 Variation in charcoal ash content with starting material (Amonette & Joseph 2009)
Starting material % ash
Oak wood 0.27
Willow wood 1.1
Wheat straw 11.2
Maize stalks 6.8
Rice straw 19.8
Charcoal has been used as a fuel source for centuries, but its extensive surface area 
makes it an effective adsorbent. In particular hydrophobic organic compounds have 
an affinity for the graphene layers of the charcoal through it-n interactions and 
therefore sorb strongly to the charcoal surface (Moreno-Castilla & Rivera-Utrilla 
2001). Charcoal can be activated by partial oxidation with carbon dioxide, steam, 
acids or alkalis at high temperatures (loannidou & Zabaniotou 2007). Activated 
charcoals have a more highly developed porous structure and larger surface area
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(often lOOOm /^g or more) than non-activated charcoals. As a result they have a higher 
sorption capacity and activated charcoals are used more widely as adsorbents than 
non-activated charcoals. They are used in medicine as an adsorbent in poisoning 
cases and have been widely used to adsorb organic compounds and metal ions from 
water and vapours (Abe et al. 2001, Ahmedna et al. 2004, Kearns 2002, Yardim et al.
2003). Activated charcoals are usually made from wood feedstocks with low ash 
content and the additional costs involved in the activation process make it relatively 
expensive. This has driven research into the production of activated chaicoals from 
low cost starting materials. Surface areas of up to 2410m^/g have been reported using 
agricultural residues such as wheat straw and rice husks (loannidou & Zabaniotou 
2007). These agricultural residues are less expensive and more readily available than 
wood and can produce activated charcoals with up to twice the yield of wood. 
However, the activation conditions are still costly and inhibit their large scale use in 
remediation. More recently a straw based charcoal with a surface area comparable to 
that of activated charcoal has been reported after acid washing burnt straw to remove 
the mineral content (straw char 1057mVg compared to 970m^/g for act char) and was 
found to have similar sorption properties towards dyes (Qiu et al. 2009). These 
materials have been suggested as cost effective alternatives to activated charcoal for 
dye removal from wastewaters.
1.4.1. Charcoal in Soil
Much of the work on the behaviour and properties of charcoal in soil is inspired by 
terra prêta soils (Glaser et al. 2001). These are dark earths found in the Amazon 
region formed 500 to 7000 years ago by anthropogenic activity wliich display 
enhanced fertility compared to surrounding areas with high levels of soil organic 
matter and nutrients such as N, P, K and Ca (Lehmann & Rondon 2006, Lehmann et 
al. 2009). This high level of fertility is attributed to their high charcoal content. 
Current research is based on the idea of terra nova, soils whose properties could be 
enhanced by modern practices similar to that which created terra prêta soils (Sohi et 
al. 2009). Charcoal that is produced specifically for application to soil for agricultural 
or environmental gain is termed biochar (Lehmann & Joseph 2009, Sohi et al. 2009).
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Charcoal additions to soil can decrease the leaching of nutrients and dissolved organic 
matter, increase the cation exchange capacity and improve the pH and water holding 
capacity of soils, particularly those which are sandy and highly oxidized (Glaser et al. 
2002, Lehmann & Rondon 2006, Try on 1948). As a result, increased seed 
germination, plant growth and crop yields have been observed after charcoal additions 
to highly oxidized tropical soils (Glaser et al. 2002, Lehmann & Rondon 2006). 
There are three proposed mechanisms of how charcoal benefits crop production. 
Firstly, by the direct modification of the soil chemistry due to the charcoal elemental 
composition. Secondly, by providing chemically active surfaces which modify the 
dynamics of soil nutrients or catalyse useful soil reactions. Thirdly, by modifying the 
physical character of the soil which benefits root growth and the retention and 
acquisition of water or nutrients. The optimum charcoal amendment level depends on 
the charcoal and soil types and the plants to be grown.
The direct modification of soil chemistry is largely due to the charcoal ash content 
which releases nutrients such as Ca, K, Mg and P into the soil solution (Glaser et al. 
2002, Lehmann & Rondon 2006, Steiner et al. 2008). In addition, some charcoals 
have a high carbonate content which have a useful liming value (Chan & Xu 2009). 
However, the importance of ash content in charcoals receives little attention and little 
information is available on the direct charcoal nutrient properties and their availability 
to plants and microbes in the literature. Charcoal addition to the soil lowers its bulk 
density allowing easier tillage. Coarse sands have low surface area (O.Olm^/g), fine 
sands (O.lm^/g) and clays have a much larger surface area (5-750m^/g) (Downie et al. 
2009). Charcoals can therefore have a significant impact on the soil surface area, 
particularly in sandy soils. This is beneficial for soil microbes by providing surfaces 
for them to grow on while the porous structure is important for tire retention of water 
within the soil.
Charcoal particles are used for dating in archaeology over centennial and millennial 
timescales (Sohi et al. 2009, Cheng et al. 2006). Both biotic and abiotic degradation 
of charcoal in the environment is slow and the presence of charcoal in soil from forest 
fires thousands of years ago illustrates its resistance to environmental degradation 
(Glaser et al. 2002). Charcoal’s recalcitrance within the soil means that its benefits
21
can be long lived and recent research is driven by the potential of charcoal as a carbon 
capture technology (Lelimann et al. 2006, Gaunt & Cowie 2009).
1.4.2. Charcoal in Land Remediation
The majority of the research on the effects of charcoal in soil has been on arable land, 
focused on improving soil conditions for crop productivity. Often the charcoals used 
in these studies are produced from the most conveniently available biomass rather 
than specifically selecting charcoals to have properties that can target specific soil 
problems. Recent work has investigated non-activated charcoal specifically for use in 
the remediation of contaminated land (Wingate 2008). Low cost biomass source 
materials were screened for their capacity to sorb heavy metals for use as a soil 
amendment to immobilise metals and reduce their bioavailability. Charcoals 
produced from fast growing plant material such as stinging nettles and oil seed rape 
straw were found to have the ability to sorb up to 200 OOOmg/lcg copper ions. Nettle 
charcoal was tested in a mine spoil with a low pH (3.2) and contaminated with heavy 
metals and arsenic. Charcoal treatments at rates between 0.4 and 4% w/w were found 
to restore plant growth, reduce leachable metals, increase soil pH and restore 
microbial activity. Over 40 days, sunflower biomass produced in soil treated with 4% 
w/w nettle charcoal were 2 0  times that from sunflower plants grown in untreated soil. 
However, at this application rate, charcoal treatment was found to increase arsenic 
bioavailability.
The potential of charcoal for use in land remediation was assessed in a variety of site 
situations. Areas highlighted for further research included the use of highly sorbing 
charcoals in conjunction with other materials such as iron filings, to target arsenic 
anions, and the possibility of its use on sites with mixed metal and organic 
contaminants where the removal of metal toxicity can enable bioremediation of 
organic compounds to take place. The ability of charcoal to sorb non-polar organic 
substrates may also be of use within the soil environment to decrease bioavailability, 
toxicity and mobility of toxic organic compounds (Smernik 2009).
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1.4.3. Charcoal as a Microbial Carrier
Part of the beneficial effects of charcoal in soil is that microbes readily grow on the 
charcoal surface. The macropores in charcoal are a suitable habitat for 
microorganisms offering protection from predation and desiccation (Thies & Rillig 
2009). Therefore charcoal has potential as a microbial carrier for use in 
bioaugmentation. As a microbial carrier charcoal has many advantages. It is non­
toxic, non-polluting, easily produced and cost effective. Its adsorption properties lead 
to increased concentrations of nutrients and oxygen at the charcoal surface while 
harmful toxins are removed (Ehrhardt & Rehm 1985, Wardle et al. 1998, Pietikainen 
et al. 2000). The porous structure provides a protective environment for 
microorganisms while functional groups on the surface offer sites for adhesion 
(Rivera-Utrilla et al. 2001, Rivera-Utrilla et al. 2003). Bacteria on activated charcoal 
from a water treatment plant have been shown to be highly resistant to disinfection 
with chlorine, showing no loss of viability after exposure to 2 mg/l chlorine for Ihr, 
while a 5 log unit loss was observed for free cells within 5 minutes (LeChevellier et 
al. 1984). This was attributed to the protective structure of the charcoal and to the 
production of a biofilm.
Chaicoal amended soil (mix of soil and charcoal in 3:1 ratio on a dry weight basis), 
was found be effective for maintaining a high (> 1 0 ®cfu/g) population of rhizobia over 
a 280 day storage period (Beck 1991). Both animal and wood charcoals have been 
patented as a microbial carrier (Someus 2006, Hutchings et al. 2007). The 
macroporous structure allows populations of up to lO^^cfu/g to be established and 
stored for 1 year at 25°C. The growth of microorganisms on charcoal prior to the 
addition to the soil can allow microorganisms to become established and therefore 
survive and compete when added to the soil. Metabolism of the char itself is expected 
to be low therefore carbon substrates and inorganic nutrients adsorbed to the surface 
are the dominant foodstuffs for colonising organisms (Cheng et al. 2006).
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1.5. Aims
This thesis aims to investigate the use of charcoals in the remediation of land 
contaminated with mixtures of hydrocarbons and metals using two strategies. Firstly, 
the use of metal adsorbing charcoals to remove metal toxicity and stimulate the 
degradation of organic contaminants. Secondly, the use of charcoal as a microbial 
carrier to provide a population of contaminant degraders to enhance bioremediation.
The optimisation of charcoal as a microbial carrier can be split into two areas: firstly 
the selection of charcoal and secondly, selection of the inoculum (Figure 1.2.). The 
selection of suitable charcoals includes their physieo-chemical characterisation and 
their properties as microbial carriers in terms of survival and protection from metal 
toxicity. In situations where there is a mixture of organic contaminants such as 
petroleum hydrocarbons and PAHs, it may prove more effective to target specific 
problem contaminants which are slow to degrade, such as pyrene. Improvement in 
the soil environment by the addition of charcoal and nutrients will stimulate the 
indigenous microflora particularly for easily degradable petroleum components. 
Therefore, it may be unnecessary for bioaugmentation with a population of organisms 
to degrade these. However, slower to degrade PAHs have a longer lag time for 
microbial populations to increase, therefore the addition of selected inoculants may 
reduce remediation time for these contaminants and therefore speed up the overall 
remediation proeess.
Charcoal characterisation Charcoal inoculation
Physico-chemical properties | Carrier properties Inoculant selection
Optimised bioreactor
Efficacy in soil
Figure 1.2. Outline for the optimisation o f  chaicoal as a microbial carrier.
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Chapter 3 investigates the physico-chemical properties of wood eharcoals to 
determine the most suitable for use as a microbial caiTier in metal contaminated soil.
Chapter 4 examines the properties of wood charcoals as microbial carriers in terms of 
survival and protection of P. fluorescens from metal toxicity.
Chapter 5 investigates the efficacy of nettle charcoal and iron filings to immobilise 
heavy metals and arsenic contamination in a soil with mixed metal and organic 
contamination. The abilities of these amendments to stimulate the biodégradation of 
phenanthrene and enable plant growth are examined.
Chapter 6  aims to determine whether bioaugmentation is necessary for organic 
degradation to take place in a mixed metal and phenanthrene contaminated soil once 
metal toxicity is removed by the addition of nettle charcoal. The efficacies of 
charcoal inoculated with microbial communities specifically enriched to degrade 
phenanthrene are compared to the addition of communities taken directly from non­
contaminated soil to determine the need for community enrichment.
Chapter 7 aims to enhance the biodégradation of a range of hydrocarbons in a mixed 
metal and hydrocarbon contaminated soil. The efficacies of microbial communities 
enriched on different hydrocarbon substrates to give different degradative capacities 
are examined with the aim of targeting more persistent pollutants (pyrene).
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Chapter 2
Materials and Methods
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2 . Materials and Methods
All solvents and acids used throughout were analytical grade and purchased from 
Fisher Scientific. Sources of individual chemicals are given throughout the text when 
first used.
2.1. Charcoal C haracterisation
2.1.1. Charcoal Preparation
Charcoals were prepared at 450°C for 6 hr in a Caibolite LMF 4 furnace. Starting 
materials were wrapped in several layers of aluminium foil prior to charring to 
exclude air. Wood charcoals were prepared from branches with a diameter of 
approximately 7cm that had been air dried. Nettle chareoal was prepared from 
stinging nettles (Urtica dioica) that were dried overnight at 105°C. Once cooled, 
charcoals were ground and sieved to the required particle size.
2.1.2. Charcoal pH
One gram charcoal (<500pm particle size) was mixed with 100ml RO water. 
Solutions were shaken on an orbital shaker for 24hr at ISOrpm to allow thorough 
wetting of the charcoal surface and the pH of the resulting slurry was determined 
using a Hanna Instruments pH 210 meter. Chaicoal pH measurements were carried 
out in triplicate.
2.1.3. Ash Content
Ash content of the charcoals was determined using British Standard Method (BSI
2004). Briefly, a heatproof crucible was heated to 550°C for Ihr and then allowed to 
cool completely in a desiccator. The crucible was weighed and approximately 1 g of 
charcoal (<500pm particle size) added. The charcoal was oven dried at 105°C for 
24hr, cooled in a desiccator, weighed and then ashed overnight at 550°C. The ash was 
cooled in a desiccator without desiccant and weighed. The percent ash content was 
determined using [(m3 -  mi)/(m2 -  mi)] x 1 0 0 , where mi was the mass of the crucible,
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iTi2 was the mass of the erucible and dried charcoal and m3 was the mass of the ash 
and crucible. All measurements were earned out in triplicate.
2.1.4. Surface Area
Charcoal samples were out-gassed at 200®C overnight and nitrogen BET isotherms 
were recorded at 77K using a Micromeritics Gemini 2380 Surface Area Analyser. 
Surface areas were determined using the monolayer volume in BET plots. At high 
relative pressures vapour condenses in the pores so that total pore volumes (<1 0 0 nm) 
were calculated from the amount of nitrogen sorbed at a relative pressure of 0.98.
2.1.5. Copper Sorption Capacity
The eopper sorption capacity of the charcoals was determined using 0.5g charcoal 
(<500pm particle size) suspended in 250ml 500mgCu^Vl solution (prepared from 
CUSO4 .5 H2O, BDH) in triplicate (Wingate 2008). Flasks were shaken on an orbital 
shaker at 180rpm for 48hr at 20°C. The charcoals were then filtered, dried and ashed 
at 500°C for 8 h. The resulting ash was dissolved in 5ml concentrated nitric acid, 
made up to 50ml with RO water and filtered tlirough a 0.22pm syringe filter to 
remove any particulate matter. The copper content of each solution was analysed by 
flame atomic absorption spectroscopy (FAAS) using a Perkin Elmer AA 400 Atomic 
Absorption Spectrometer at 324.7nm. Calibration standards were prepared in the 
range of 0.1 to 5mg/l from a lOOOmg/1 stock solution (Trace Cert Analytical 
Standards, Sigma Aldrich).
2.1.6. Phenol Sorption
2.1.6.1. Phenol Soiption Equilibrium Time
Charcoals were dried overnight at 105°C to remove moisture sorbed from the 
atmosphere and stored in a desiccator. 0.5g chaicoal (<500pm particle size) was 
suspended in 250ml lOOmg/1 phenol solution (Phenol 99%, Sigma Aldrich) containing 
200mg/l sodium azide (99.5% Sigma Aldrich) as a biocide in a 250ml conical flask. 
Flasks were sealed with an aluminium foil covered bung and stored in the dark at
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20°C with daily shaking. Controls were prepared containing phenol solution without 
charcoal to account for losses to glassware. Blanks containing charcoal and sodium 
azide solution without phenol were prepared to account for background interferences 
in phenol measurement caused by charcoal. Phenol levels in flasks were monitored at 
intervals over 21 days using a Cecil 8020 UV/Vis Spectrometer at 270nm. All 
measurements were carried out in triplicate. Phenol standards were prepared in 
2 0 0 mg/l sodium azide solutions.
2.1.6.2. Phenol Sorption Isotherms
50mg charcoal prepared as in 2.1.6.1. was placed in 25ml glass screw top vials with 
aluminium caps. 25ml phenol solution was added to each vial. Phenol solutions were 
prepared using 200mg/l sodium azide at the following concentrations; 25, 50, 100, 
250, 500, 750 and lOOOmg/1. Three replicates were prepared for each charcoal at each 
phenol concentration. Controls and blanks were prepared as described in 2.1.6.1. 
Vials were stored at 20‘’C in the dark with daily shaking for 20 days after which time 
the charcoal was allowed to settle and the phenol concentration in the solution was 
determined using UV/vis spectrometry as in 2.1.6.1.
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2.2. Charcoal Inoculation
2.2.1. Pseudomonas Fluorescens (SBW25)
For investigation into the properties of charcoal as a microbial carrier, Pseudomonas 
fluorescens (SBW25) genetically modified to have kanamycin resistance (aph-1) and 
the ability to use lactose as a carbon source (JacZY) was used as model soil organism 
with easy identification (De Leij et al. 1998). Cultures were grown in tryptone soya 
brotli (TSB, Oxoid) at 25°C. When plated onto 1% tryptone soya agar (1% TSB 
solidified with 1% w/v Agar No 1, Oxoid) containing lOOmg/1 kanamycin (Fisher 
Scientific) and 50mg/l X-gal (5-bromo-4-chloro-3-indoyl B-D-galactopyranoside, 
Fisher Scientific), colonies appear blue after 5-7 days growth. Kanamycin stock 
solution was prepared by dissolving Ig kanamycin monosulfate in 20ml RO water, 
followed by filter sterilisation through a 0.22pm syringe filter. X-gal stock solution 
was prepared by dissolving Ig X-gal in 40ml DMF. One millilitre each of kanamycin 
and X-gal stock solutions were added to 500ml 1 % TS A after autoclaving and cooling 
to 50°C to give final concentrations of lOOmg/1 and 50mg/l respectively.
2.2.1.1. Inoculation of Charcoals with P. fluorescens
Charcoal was sterilised by autoclaving at 120°C for Ihr. Subsequently, TSB 
containing lOOmg/1 kanamycin was added. The flask was placed under vacuum to 
remove air from the charcoal particles and impregnate the chareoal with the medium. 
Excess broth was drained off and the flasks were inoculated with 1ml of P. 
fluorescens culture (grown for 48hr at 25°C in TSB in shake culture). Flasks 
inoculated with bacteria were shaken to mix, covered with a foam bung to allow 
aeration, and then incubated for 1 week at 25°C to allow complete colonisation of the 
charcoal.
2.2.1.2. Population Size of P. fluorescens on Charcoal
Four Ig samples of inoculated charcoal were ground in 10ml sterile 14 strength 
Ringer’s (Oxoid) solution, in a sterilised pestle and mortar. Once the solid charcoal 
particles were settled, the supernatant was serially diluted with sterile 14 strength
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Ringer’s solution, before 0.1ml of sample was spread onto 1% TSA plates containing j
lOOmg/1 kanamycin sulphate and 50mg/l X-gal. Plates were incubated at 25^C for 7 
days. Counts were calculated as cfu/g dry weight of charcoal. Moisture content was 
determined by drying a weighed sample at 105°C for 24hr then measuring the mass 
loss.
2.2.2. Hydrocarbon Degraders
Populations of microorganisms were enriched on hydrocarbon substrates. One 
kilogram sand was spiked with either lOg diesel (Shell), Ig phenanthrene (95%, 
Aldrich) or Ig pyrene (98% Aldrich) dissolved in approximately 250ml acetone. The 
sand was mixed thoroughly and the solvent allowed to evaporate at room temperature 
for 48hrs. Five gram slow release fertiliser (Miracle Gro Slow Release Fertiliser, 
B&Q) and lOg fresh soil (sieved <2mm) was added to the sand which was moistened 
with RO water and incubated at 25°C for 2 months.
2.2.2.1. Preparation of Basal Salts Medium
A basal salts medium was used as a carbon free medium to culture hydrocarbon 
degrading organisms (Bogardt & Hemmingsen 1992, Juhasz & Naidu 2000). The 
medium was prepaied by dissolving 0.2g K2HPO4 ,0.2g KH2PO4 , 0.2g (NH4)2S0 4  and 
0.15g NaCl (all Fisher Scientific) in 500ml RO water. To obtain a basal salt agar 7.5g 
Agar No. 1 was also added. This solution was autoclaved and allowed to cool to 
approximately 50°C before 2.5ml each of vitamin solution, trace element solution and 
magnesium/calcium solution were filter sterilised and added to the medium (Table 
2.1). Vitamin solution, trace element solution and magnesium/calcium solution were 
prepared using RO water and stored at 4^C.
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Table 2.1. Vitamin, trace element and magnesium/calcium solution for basal salts media.
Solution mg/1 Source/Purity
Vitamin solution Biotin 2 0 Sigma 99%
Folic acid 2 0 Sigma 99%
Thiamine HCl 50 Sigma
D-calcium pantothenate 50 Acros 97.5%
Vitamin B n 50 Sigma 99%
Riboflavin 50 Sigma
Niacin 2 0 0 Sigma 98%
Pyridoxal HCl 30 Sigma
p-aminobenzoic acic 2 0 Aldrich 99%
Trace element solution FeS04.7H20 2 0 0 BDH
ZnS04.7H20 1 0 BDH
MnCl2.4H20 3 Sigma 99%
C0 CI2 .6 H2O 2 0 Sigma 99%
CUCI2 .2 H2O 1 Fisons
NiCl2 .6 H2 0 2 Sigma
Na2Mo0 4 .2 H2 0 5 Fisher
H3BO3 30 BDH analar
Magnesium/calcium solution MgS04.7H20 400 Fisher AR
CaCl2 .2 H2 0 400 Aldrich 98%
2.2.2.2. Inoculation of Charcoals with Hydrocarbon Degraders
For the inoculation of charcoal witli phenantlirene, pyrene or diesel degrading 
microbial communities, 25Og enriched sand as described in 2 .2 .2 . was shaken in 
250ml basal salts. The sand was allowed to settle and the supernatant added to 55g 
sweet chestnut charcoal (l-4mm). Inoculated charcoals were incubated at 25°C for 1 
week.
2.2.2.3. Enumeration of Phenanthrene and Pyrene Degraders using Spray Plate 
Method
To release microbes from the charcoal, Ig samples of inoculated charcoal were 
ground in 10ml sterile 14 strength Ringer’s solution, in a sterilised pestle and mortar. 
The solid charcoal particles were allowed to settle before the supernatant was serially 
diluted with sterile 14 strength Ringer’s solution. The number of specific PAH 
degraders were enumerated using a spray plate method (Kiyohara et al. 1982). In 
brief, 0 .1 ml sample was spread plated onto basal salt medium and incubated overnight 
at 25°C to dry. Plates were then sprayed with a solution of PAH in diethyl ether (5g
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in 500ml) using a Preval sprayer unit (Rigby Taylor Ltd) to give an opaque coating of 
PAH across tlie plate. Plates were incubated at 25°C until zones of clearance were 
visible within tlie PAH layer indicating a colony of bacteria capable of PAH 
degradation. The numbers of clearing zones were counted. To enumerate 
phenanthrene degraders, plates were incubated for 1 0  days and for pyrene degraders 
plates were incubated for 21 days before counting. Population sizes of phenanthrene 
and pyrene degraders were expressed as cfu/g dry weight of chaicoal.
2.2.2.4, Enumeration of Diesel Degraders on Charcoal using Most Probable Number
Diesel degraders were enumerated using a most probable number (MPN) method 
using 96 well plates (Wrenn & Venosa 1996). Briefly, 250pl basal salts and 5pl 
diesel (filter sterilised using a 0 .2 2 pm filter) were placed in each well of the plate. 
Wells were inoculated with 20pl or the relevant dilution and ineubated for 2 weeks at 
25°C. After 2 weeks, 50pl iodonitrotétrazolium chloride solution (3g/l, 0.22pm filter 
sterilised. Sigma Aldrich) was added to each well and incubated overnight. Positive 
wells appear red due to intracellular deposits of the formazan product. MPN results 
were calculated using and Excel spreadsheet and given as MPN/g dry weight charcoal 
(Briones & Reichardt 1999).
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2.3. Microcosm Soil Remediation Trials
2.3.1. Soil Spiking Procedures
Soil was used as received at field moisture levels and sieved to <4mm prior to use. 
Moisture content was determined and all following measurements were calculated on 
a dry weight basis. Soil was spiked in 5kg batches to enable efficient and thorough 
mixing in stainless steel containers using a stainless steel trowel. To avoid destroying 
all microbial life in the soil with the solvents used, half the total required amount of 
soil was spiked with double the final required concentration. As such, for 10kg total 
soil containing lOOOmg/kg phenanthrene, 5kg was mixed with lOg phenanthrene 
dissolved in 500ml acetone. The soil was mixed thoroughly and the acetone allowed 
to evaporate for 2 days in a fume-hood with daily mixing. The spiked soil was then 
mixed with a further 5kg unspiked soil to give a final phenanthrene concentration of 
lOOOmg/kg.
2.3.2. Soil Water Holding Capacity
Triplicate 20g portions of soil were mixed with 100ml water and stirred for 1 hour. 
Soil was filtered through a funnel lined with filter paper, covered with aluminium foil 
to prevent evaporation, and the water allowed to percolate for 8 hr. The moisture 
content of the soil was then determined by measuring the moisture loss from a known 
amount of the soil after drying for 24hr at 105°C. The moisture content of the soil (g 
H2 0 /g) is equivalent to 1 0 0 % of the soil water holding capacity.
2.3.3. Microcosm Preparation
Microcosm trials were carried out in 10cm diameter plastic plant pots with a volume 
of approximately 400ml. Soils were mixed with 25% v/v perlite (J Arthur Bowers, 
B&Q) to improve aeration and water holding capacity. Each pot contained 450g soil 
and lOg perlite, based on the apparent density of the two materials. The apparent 
density of soil and perlite was determined from the mass of 500ml material after 
tapping to settle particles. Apparent density measurements were carried out 5 times 
and the average taken. Treatments were applied on a dry weight basis; thus a 1% w/w
34
charcoal treatment was 4.6g per pot. Soils, perlite and treatments were mixed 
together with 2 g slow release fertiliser and moistened to 60% water holding capacity. 
Tlie total microcosm weight was measured and adjusted daily with water to ensure a 
constant moisture level. Microcosms were incubated at 25”C in a randomised design. 
Four replicates were prepared for each treatment.
2.3.4. Soil pH
To estimate soil pH, 4g air dried soil was shaken with 10ml RO water for 30mins. pH 
of the resulting slurry was determined using a Hanna Instruments pH 210 meter.
2.3.5. Enumeration of Hydrocarbon Degrader Populations in Soil
Populations of specific degrading microorganisms within the soil were determined 
using spray plate counts for phenanthrene and pyrene degraders and a MPN method 
for diesel degrading organisms. One gram soil was mixed with 10ml V4 strength 
Ringer’s solution, mixed and enumerated as described in 2.2.2.3 and 2.2.2.4. 
Numbers of degraders were calculated on a dry soil weight basis. The moisture 
content of the soil was determined from the mass loss from a known amount of soil 
after drying at 105°C for 24hr.
2.3.6. Leachable Metals and Arsenic
Leachable metals were determined using the British Standard Method (BSI 2002). 
Two gram dried soil and 20ml RO water were shaken at 200rpm at 20°C for 24hr in 
glass screw top vials. Samples were allowed to settle for approximately 15min before 
being filtered through a 0.45pm syringe filter. Copper and iron concentrations were 
determined directly by FAAS using a Perkin Elmer Analyst 400 Absorption 
Spectrometer. Copper concentrations were measured at 324.7nm and iron 
concentrations at 248.3nm. Standard solutions were prepared from lOOOmg/1 Cu and 
lOOOmg/1 Fe stock solutions (Trace Cert Analytical Standards, Sigma Aldrich) in the 
range 0.1 to 5mg/l.
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Arsenic concentrations were determined using hydride-generation flame atomic 
absorption spectroscopy (HG-FAAS) using a Thermo SP9 Atomic Absorption 
Analyser with a Perkin Elmer MHS 10 Hydride System. Sample aliquots (0.1 to 2ml) 
were added to 10ml 25% v/v HCl solution in the sample compartment. Sodium 
borohydride solution (3% w/v sodium borohydride, Sigma Aldrich, and 1% w/v 
sodium hydroxide, Fisher Scientific) was pumped into the sample compartment to 
generate arsine gas (AsHg) which passed into the quartz absorption cell for analysis. 
A standard solution containing lOOng/ml was prepared from lOOOmg/1 As stock 
solution (Trace Cert Analytical Standards, Sigma Aldrich). Calibration was carried 
out using aliquots (0 . 1  to 2 ml) of the standard solution to give a range of 1 0  to 2 0 0 ng 
As.
2.3.7. Soil Phenanthrene Concentration
Phenanthrene was extracted from the soil with DCM/Acetone (1:1) using accelerated 
solvent extraction (ASE) and quantified using gas chromatography-mass spectrometry 
(GC-MS). Details of each step are given in the following sections. The method was 
developed using US EPA methods 3545A, 8000B and 8270C as guidelines (US EPA 
1996a, US EPA 1996b, US EPA 1998). Phenanthrene concentrations were measured 
relative to an internal standard (IS) and recovery was determined relative to a 
recovery standard (RS). IS and RS were chosen to have column retention times of 0.8 
to 1 . 2  relative to phenanthrene.
2.3.7.1. Sample Preparation and Cell Loading
Five gram accurately weighed soil was ground with an equal volume of diatomaceous 
earth (dried at 400°C for 4hr, Sigma Aldrich) to give a free flowing material. A 
cellulose disc (Dionex) was placed at the outlet of an 11ml ASE extraction cell. The 
soil/diatomaceous earth mix was transferred quantitatively to the extraction cell. 
250pl o-terphenyl (lOOmg in 10ml DCM, Sigma Aldrich) was added to each cell to 
act as an IS. The remaining headspace in tlie cell was filled with diatomaceous earth 
and the cell was closed.
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23.1.2. ASE Conditions
Extractions were carried out using a Dionex ASE 200.
Solvent: Acetone/DCM (1:1 v/v)
System pressure: lOMPa (1500psi)
Oven temperature: 100°C 
Oven heat up: 5 minutes 
Static time: 5 minutes 
Flush volume: 100%
Nitrogen Purge; lOMPa (1500 psi) for 60 seconds 
2  static cycles were found to be necessary to give optimal recovery rates.
Extracts were dried over anhydrous sodium sulphate (Fisher Scientific) and 250pl 
chloro-octadecane (lOOmg in 10ml DCM, Sigma Aldrich) was added as a RS.
2 3 .1 3 . GC-MS Conditions
Phenanthrene concentrations were determined by GC-MS using a Thermo Finnigan 
Voyager GC-MS. Components were separated on a Phenomenex Zebron ZB-5ms 
30m X 0.25mm column with a 0.25pm thick stationary phase of 5% 
phenylpolysiloxane and 95% dimethylpolysiloxane. Initial column temperature of 
50°C was held for 2 minutes then ramped at 10“C/min to 300°C which was held for 3 
minutes. Sample injection volumes of 2pl were used throughout. The mass 
spectrometer was operated in full scan mode (m/z 50 to 550) with electron ionisation. 
Peaks were identified using Xcalibur software.
2.3.7.4. GC-MS Calibration and Quality Assurance
Calibration standards were prepared using a phenanthrene stock solution of lOOmg 
phenanthrene in 10ml DCM. Working standards were prepared containing between 
0.1 and 5mg phenantlirene and 2.5mg IS and RS in 20ml DCM. This conesponds to 
phenanthrene to IS ratios in the range 0.04:1 to 2:1.
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The response factor (RF) of phenanthrene relative to the internal standard was 
calculated from the calibration standards using equation 1.
[1]
where; As is the area of the phenanthrene peak
Ais is the area of the internal standard peak
Qs is the amount of phenanthrene (mg) in the standard
Qis is the amount of internal standard (mg)
The mean response factor ( R F )  for phenantlirene was then calculated and the 
calibration was accepted to be linear if the relative standard deviation of RF was 
<20%. The initial calibration was verified against a mid-point standard prepared from 
a certified reference material (lOOng/pl phenanthrene in cyclohexane. Sigma Aldrich). 
500pl phenanthrene reference stock was spiked with 12.5pl (125pg) IS to give a 
phenanthrene to IS ratio of 0.4:1. The calibration was considered verified if the 
response factor of the verification standard (RFv) was within 20% of RF  as 
calculated in equation 2.
RF,  -  RF%dijference ~ ---- = ----  [2]RF
During sample analysis the initial calibration was verified every 12 hours using at 
least 1 mid-point standard. The initial calibration was valid providing the verification 
remained within 20% difference as determined by equation 2. Solvent blanks were 
run with all samples to check for baseline interference and during each sample run, 
one sample was run twice randomly to check the GC-MS precision.
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2.S.7.5. Calculation of Soil Phenanthrene Concentrations and Recovery Rates 
Soil phenanthrene concentrations were calculated as in equation 3.
phenanthrene{mg/% ) = —— [3] A , x R F x W
where; As is the area of the phenanthrene peak
Qis is the amount of internal standard added to the sample (mg)
Ais is the area of the internal standard peak
RF is the mean response factor as calculated in equation 1
Ws is the dry weight of the sample (g)
The percent recovery of the internal standard was used to assess the efficiency of the 
extraction process and was calculated as in equation 4.
% re cov ery = [4]
where; Ais is the area of the internal standard peak
Qrs is the amount of recovery standard added (mg)
Ars is the area of the recovery standard peak
RFi  ^ is the mean response factor of the internal standard relative to the
recovery standard. RFjs was calculated as in equation 5 using the internal standard 
and recovery standard peaks measured in the calibration standards.
where; A,s is the area of the internal standard peak 
Ars is the area of the recovery standai'd peak 
Qrs is the amount of recovery standard added (mg) 
Qis is the amount of internal standard added (mg)
39
Results were acceptable if recovery was between 70 to 130%. Any sample 
extractions that were outside this range were repeated.
2.4. Statistical Analysis
Statistical analyses were carried out using GraphPad Instat version 3.05 (GraphPad 
Software, USA). Microbial counts were logged to normalise data sets before analysis. 
The statistical tests used are given in each chapter.
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Chapter 3
Characterisation of Physico-Chemical Properties of 
Wood Charcoals for use as Microbial Carriers
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3.1. Introduction
The partial pyrolysis of carbon rich materials in non-oxidising conditions produces a 
carbon rich, porous material with a large surface area; charcoal. The starting material, 
final temperature, heating rate and time and gaseous environment affect the properties 
of the charcoal produced (Antal & Gronli 2003). During the charring process most of 
the chemical bonds in the staiting material are broken and rearranged to form 
aromatic structures. The degree of structure modification at a given temperature is 
down to the chemical composition of the starting material. Volatile components are 
gradually lost as the temperature increases so that by about 950“C many charcoals 
have a structure resembling graphite (Antal & Gronli 2003). Charcoal is an effective 
adsorbent for hydrophobic organic compounds which have an affinity for the 
graphene layers of the charcoal surface through tc-tt interactions (Moreno-Castilla & 
Rivera-Utrilla 2001). Charcoal can also be an effective adsorbent for metal cations 
witli sorption taking place at acid functional groups and on mineral oxides and 
carbonates in the charcoal surface (Wingate 2008, Machida et al. 2005).
The porous structure of charcoal provides a surface on which microbes can grow 
while organic molecules adsorbed on the surface provide a food source (Pietikainen et 
al. 2000, Ehrhardt & Rehm 1985). The ability to sorb toxic compounds such as 
metals from the environment makes charcoal useful as a microbial carrier for use in 
bioremediation, particularly of sites containing both metal and organic contaminants. 
It is non-toxic, non-polluting, easily produced, cost effective and can have beneficial 
effects on soil quality.
3.2. Aims
This chapter aims to characterise the physico-chemical properties of wood charcoals 
to determine the most suitable ones for use as a microbial carrier. Charcoals produced 
from different starting materials will be assessed for their composition and surface 
characteristics along with their ability to sorb metals and organic compounds.
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3.3. Materials and Methods
Charcoals were prepared from sweet chestnut, oak, ash, beech, birch, poplar, willow, 
eucalyptus, alder, spruce and pine as described in 2.1.1. A general purpose activated 
charcoal (Fisher Scientific, UK) was included as a comparison material. Charcoal pH, 
ash content, surface aiea, copper sorption and phenol sorption were determined as 
described in 2.1.2, 2.1.3, 2.1.4., 2.1.5. and 2.1.6. respectively. Carbon, hydrogen and 
nitrogen contents were determined by thermogravimetric analysis in duplicate.
Statistical analyses were cairied out using GraphPad InStat version 3.05 (GraphPad 
Software, USA). Copper sorption capacities were compared using a one-way 
ANOVA. Significant differences between means were analysed using a Tukey- 
Kramer post-hoc test. Correlations were assessed using Spearman’s rank correlation 
test and Freundlich isotherms were fitted using linear regression. A significance level 
of P<0.05 was used throughout.
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3.4. Results
All charcoals buffered the pH of RO water upwards, with the range in charcoal pH’s 
differing by 2.5 pH units (Table 3.1.). The least alkaline charcoal was birch (pH 7.35) 
while the most alkaline was poplar charcoal (pH 9.97). Carbon content of the 
charcoals varied by 10% between wood charcoals from 68.45% for eucalyptus 
charcoal to 78.99% for oak charcoal. This inversely correlates with the ash content 
which varied from 15.37% for eucalyptus charcoal down to 0.96% for oak. The 
activated charcoal had the highest carbon content compared with all the wood chars 
containing 80.07% carbon. Molar H/C levels have been calculated as a measure of 
the extent of carbonisation of each charcoal. For the wood charcoals molar H/C ratios 
varied between 0.333 for oak to 0.469 for alder. Hydrogen levels were below 
detectable limits for the activated charcoal and therefore the H/C ratio could not be 
calculated, but would therefore be considerably lower than any of the wood charcoals.
Surface area analysis showed a 40 fold variation in surface areas of the charcoals 
produced from different source woods. Oak and Eucalyptus had the highest surface 
areas with values of 44.47m^/g and 35.20m^/g respectively. Alder charcoal had the 
lowest surface area of 1.25m^/g. The surface area of the activated charcoal was much 
larger than any of the wood charcoals at 809.7m^/g. The molar H/C ratio of the wood 
charcoals was found to have a strong negative correlation with log surface area 
(Figure 3.1.)(rs = -0.9182, Spearman’s rank correlation).
Figure 3.1. Correlation o f molar H/C ratio with surface area for wood charcoals produced at 450”C.
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3.4.1. Copper Sorption
The ability of the different charcoals to sorb copper ions was determined by 
measuring sorption by 0.5g charcoal from 250ml solutions with initial concentrations 
of 500mg Cu/1. Previous research has shown that these are likely to be the maximum 
uptake levels for these charcoals (Wingate 2008). A 75 fold variation in copper 
sorption capacities was noted between the lowest and highest sorbing charcoals 
(Figure 3.2.). Charcoal produced from birch sorbed the least copper, (410mg/kg), 
while eucalyptus sorbed 74 OOOmg/kg, which was significantly more than any of the 
other charcoal types. Poplar, willow and ash were found to be moderately effective at 
sorbing copper, taking up between 30 000 and 50 OOOmg/kg. The remaining 
charcoals, namely those produced from sweet chestnut, oak, beech, birch, alder, pine, 
spruce and activated charcoal had a low sorption capacity for copper, all sorbing less 
than 12 OOOmg/kg copper. The copper sorption capacity of wood charcoals was found 
to have a strong positive correlation with the charcoal ash content (Figure 3.3.)(rs = 
0.9727, spearman’s ranlc correlation test).
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Figure 3.2. Copper sorption by O.Sg activated charcoal and wood charcoals from 250ml solution with initial concentration 
500mg Cu/1. Results are shown as mean ±  standard error o f the mean. N=3.
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Figure 3.3. Corrélation of copper sorption with ash content o f wood charcoals produced at 450°C. Results are shown as mean ± 
standard error o f the mean. N=3.
3.4.2. Phenol Sorption
The ability of charcoals to sorb organic compounds was determined using phenol 
sorption isotherms. Initial experiments showed that equilibrium was reached within 2 
weeks. Isotherm data were fitted with Freundlich isotherms [1]. The Freundlich 
isotherm is essentially curve fitting and makes no assumptions about the sorption 
process.
Qe = KfrCe [1]
Where; Qe is the amount sorbed by the charcoal at equilibrium in mg/kg 
Ce is the equilibrium concentration in mg/1
Kfr is the freudlich sorption coefficient (mg/l)/(mg/l)^ and is a measure of the 
extent of sorption.
N indicates if the relationship between Qe and Ce is linear (N=l) or concave 
down (N<1) or concave up (N>1).
Kfr and N can be determined from isotherm data using the linear version of the 
Freundlich isotherm [2]. The Kfr and N values determined for the 11 wood charcoals
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and activated charcoal are given in table 3.2 along with linear- regression corxelation 
coefficient, R .^
logQ e = logKfr + N logC e [2]
Table 3.2. Freudlich isotherm parameters for phenol sorption by activated charcoal and wood charcoals.
Source Material logKfr N ......R'
Sweet chestnut 3.73 (0.03) 0.34(0.01) 0.991
Oak 3.76 (0.04) 0.36 (0.02) 0.990
Ash 3.57 (0.02) 0.43 (0.01) 0.997
Beech 3.60 (0.02) 0.43 (0.01) 0.997
Birch 3.55 (0.06) 0.40 (0.03) 0.979
Poplar 3.66 (0.04) 0.38 (0.02) 0.989
Willow 3.73 (0.02) 0.36(0.01) 0.995
Eucalyptus 3.82 (0.05) 0.33 (0.02) 0.979
Alder 3.46 (0.04) 0.40 (0.02) 0.990
Spruce 3.83 (0.04) 0.37 (0.02) 0.990
Pine 3.83 (0.03) 0.34 (0.02) 0.989
Activated Charcoal 4.82 (0.02) 0.20 (0.01) 0.994
Kfr and N are given with standard error from linear regression analysis
Activated charcoal was an order of magnitude more effective at sorbing phenol than 
all of the wood charcoals and the isotherm was highly non-linear (Kfr = 4.82, N = 
0.20). Wood charcoals were found to have quite a narrow range in phenol sorption 
ability with a range in logKfr of 3.46 to 3.83 and all were non-linear (N = 0.33 to 
0.43). For all charcoals, the final pH of the solution remained below pH 8. For wood 
chars no correlation was observed between phenol uptalce and surface area, molar H/C 
ratio, ash content or charcoal pH. It is difficult to compare isotherms directly due to 
differing values of N. To simplify the comparison, uptakes of phenol from solutions 
with the highest initial concentration used (lOOOmg/1) are shown in Figure 3.4. 
Sorption of phenol by activated charcoal from this concentration solution was 220 
OOOmg/kg in comparison to a range of 41 000 (alder) to 78 OOOmg/lcg (spruce) 
observed for the wood charcoals.
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Figure 3.4. Phenol uptake by 50mg wood charcoals and activated charcoal from 25ml solution with initial concentration of  
lOOOmg/1. Results are shown as mean ±  standard error o f the mean. N =  3
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3.5. Discussion
The properties of charcoal vary widely with the starting material from which they are 
made. All the wood charcoals investigated increased the pH of water to some extent 
probably due to the presence of mineral oxides and carbonates in the charcoal surface. 
This is a useful property for reducing the acidity of soils and for immobilisation of 
metals, since heavy metal solubility generally decreases with increasing pH (Chan & 
Xu 2009, Alloway 1993). The positive correlation of copper sorption capacity with 
ash content suggests that metal sorption takes place via ion exchange or surface 
precipitation and follows the trend previously observed for metal absorbent charcoals 
(Rio et al, 2005, Seredych & Bandosz 2006, Wingate 2008). The ash content of the 
charcoal relates directly to the ash content of the starting material from which it is 
produced and is concentrated during the charring process as volatile components are 
lost. The distribution of minerals within the chaicoal are believed to occur in discrete 
phases which are separate from the carbonaceous charcoal matrix (Amonette & 
Joseph 2009). However, this is an area that has received little research. As the 
charcoals witli the highest metal sorption capacity, eucalyptus, poplar and willow 
charcoals should be the most effective charcoals at protecting microbes from metal 
toxicity.
Activated carbons typically have surface areas of 500m^/g and higher and the aim of 
the activation process is usually to maximise the surface area (loannidou & 
Zabaniotou 2007). It is this large surface area that is a key factor in making activated 
carbons effective sorbents for organic compounds. Non-activated charcoals generally 
have much smaller surface areas, often in the order of lOm^/g, as has been noted with 
the wood charcoals analysed here (James et al. 2005). Generally, charcoals produced 
at higher temperatures have a higher surface area as more volatile components are 
lost, therefore production of wood chars at higher temperatures is likely to lead to 
higher surface areas.
The relationship between molar H/C ratio and surface area indicate that the more 
complete the carbonisation process (lower H/C) the higher the surface area that is 
produced. The H/C ratio also correlates with the degree of aromaticity of the charcoal 
(Krull et al. 2009, Sun & Zunlong 2008). This trend is due to the chemical
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composition of the starting material. The degree of carbonisation or the extent of 
volatilisation for a material at a given temperature is down to the differing ratios of 
compounds in the wood. At temperatures above 120°C organic materials begin to 
decompose, hemicellulose degrades between 200 and 260°C, cellulose between 240 
and 350°C and lignin between 280 and 500°C (Downie et al. 2009). More 
volatilisation leads to increasing loss of hydrogen and more of the carbon structure is 
opened up leading to a larger surface area.
The porous structure of charcoal is important for microbial colonisation. Only large 
macropores (>50nm) are large enough for colonisation. Mesopores (2-50nm) and 
micropores (<2nm) are too small to be accessed by bacteria meaning that organic 
compounds sorbed in these pores are inaccessible for degradation. This may mean 
that a large microporous surface area, while good for organic sorption, may be 
unsuitable for use as a microbial carrier since it could lead to non-bioavailable 
residues. Non-activated charcoals produced at low temperatures, such as the wood 
charcoals in this study have low pore volumes of pores below lOOnm and their surface 
area is mainly due to macropores. This makes them ideal as microbial carriers. 
Activated charcoals have a larger surface area, much of which consists of micro and 
meso-pores as indicated by the larger total pore volume of the activated charcoal. 
This results in higher organic sorption capacity but is unlikely to be advantageous as a 
microbial carrier.
In comparison with the activated charcoal, phenol sorption by the wood charcoals was 
low. As a general rule there is a loose correlation between surface area and the degree 
of aromaticity (H/C) and the soiption of organic compounds (James et al. 2005, 
Smernik 2009, Sun & Zunlong 2008, Chun et al. 2004). However, this relationship is 
usually not proportional and cannot be predicted across different charcoals. The much 
higher sorption of phenol by activated charcoal than the wood charcoals is likely due 
to the much higher surface area and higher degree of aromaticity. This provides more 
sites for n-n interactions to take place which are the main sorption interactions for 
aromatic compounds (Moreno-Castilla & Rivera-Utiilla 2001, Sun & Zunlong 2008). 
The surface area and H/C ratios of the wood charcoals are in a relatively narrow 
range, and as such, have similar phenol uptakes. Due to this small range, 
relationships between the charcoal properties and phenol sorption that allow
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prediction of sorption behaviour towards other organic compounds and by different 
charcoals cannot be established.
The non-linearity of phenol sorption is an indicator that sorption is taking place via 
adsorption at surface sites where a finite number of sorption sites are available. In 
soils, organic carbon can be split into two groups, pyrogenic carbon (charcoals) and 
non-pyrogenic carbon, which show very different organic sorption behaviours 
(Smernik 2009). Non-pyrogenic carbon tends to produce linear isotherms indicating 
that uptake is occuning via absorption or partitioning into the solid phase rather tlian 
taking place at the surface. For non-pyrogenic carbon, uptake is not concentration 
dependent and organic carbon normalised sorption coefficients (Koc) can be 
established .and used to predict movement of organic compounds by correlations with 
octanol-water coefficients (Kqw)- For pyrogenic carbon (charcoals) the non-linear 
sorption behaviour means that uptake is concentration dependent, therefore both Kfr 
and N need to be known or predicted for a charcoal to model sorption behaviour. 
Sorption is not dependent on the carbon content of the charcoal and therefore Koc 
values are of little use.
pH can be an important factor in phenol sorption since it governs the degree of 
dissociation. At pH above the pKa of phenol (9.99) it is dissociated and sorption is 
found to decrease due to repulsion between the phenolate anion and the charcoal 
surface (Moreno-Castilla & Rivera-Utrilla 2001). For the charcoals studied here, the 
pH of the final solutions remained below pH 8 so phenol should be largely 
undissociated and no relationship was observed between pH and uptake suggesting its 
effect on sorption was small.
High organic sorption is not a requirement for charcoals that will be used as a 
microbial carrier, where the aim in soil bioremediation is the degradation, not the 
immobilisation of organic contaminants. It is also highly likely that organic sorption 
capacity by the charcoals will be decreased by bacteria blocking sorption sites.
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3.6. Conclusions
A 75 fold difference in copper sorption capacity has been observed for charcoals 
produced from different wood types. This correlates directly with their ash content 
indicating an ion exchange or surface precipitation mechanism. As the charcoals 
with the highest metal sorption capacities, eucalyptus, poplar and willow charcoals aie 
expected to offer the most protection to microorganisms from metal toxicity. Wood 
charcoals produced at 450°C have surface areas in the range 1 to 44m^/g which is low 
compared to activated charcoal. The molar H/C ratio can be used to predict the 
surface area of wood charcoals. Phenol sorption by wood charcoals is highly non­
linear but is low compared to activated charcoal. No correlation between phenol 
sorption and charcoal properties could be established.
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Chapter 4
Evaluation of Wood Charcoals as Microbial Carriers 
for use in Bioremediation
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4.1. Introduction
The main obstacle to successful bioaugmentation is the maintenance of sufficient 
activity by the inoculant over a prolonged period of time. Inoculated bacteria often do 
not survive as the soil into which they are placed fails to match their niche 
requirements or they fail to compete with the better adapted indigenous microflora. 
Predation and competition, along with adverse abiotic factors, including, 
inappropriate pH, temperature, moisture content, lack of suitable substrates, poor 
nutrient availability and the presence of toxic chemicals that inhibit microbial activity, 
determine the survival of introduced organisms (van Veen et al. 1997). Microbial 
carriers are designed to provide a protective environment to the microbial inoculants 
either physically, by the provision of a protective surface or pore space, or 
nutritionally, by the provision of specific nutrients (van Veen et al. 1997). By 
carefully selecting the properties of the carriers and the inoculants, bioaugmentation 
with immobilized carrier systems has the potential to be tailored to the particular 
contaminants present on site and therefore could be applicable to stimulate 
bioremediation in a wide range of situations.
The addition of charcoal to soil can significantly improve soil conditions while the 
porous structure provides a surface on which microorganisms can establish with the 
adsorption of carbon substrates, nutrients and oxygen at the surface providing ideal 
conditions for microbial growth (as discussed in 1.4.). Therefore, charcoal has 
potential as a microbial carrier for use in bioaugmentation.
4.2. Aims
This chapter uses P. fluorescens as a model organism to investigate the properties of 
charcoal as a microbial carrier. Charcoals produced from different starting materials 
investigated in Chapter 3 will be assessed in terms of their ability to protect 
microorganisms against environmental stresses, such as metal toxicity, and their 
ability to release inoculants into soil for bioremediation puiposes. It is expected that 
charcoals with a high metal sorption capacity, such as eucalyptus, willow and poplar 
will offer greater protection from copper toxicity than charcoals with lower sorption 
capacities.
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4.3. Materials and Methods
For investigation into the properties of charcoal as a microbial carrier, a 
Pseudomonas fluorescens strain (SBW25) that was genetically modified to 
constitutionally express kanamycin resistance (aph-1) and lactose utilisation (lacZY) 
was used as model soil organism for easy identification (De Leij et al. 1998). Media 
and growth conditions are given in 2.2.1. Population counts were obtained by spread 
plating and the P. fluorescens population size associated with the inoculated charcoal 
were calculated oh a dry weight basis. All charcoals were prepared as in 2.1.1. and 
inoculated as in 2.2.1.1. Populations of P. fluorescens on charcoal were estimated as 
in 2.2.1.2.
4.3.1. Charcoal Colonisation and Release into Soil and Water
Inoculated charcoals were prepared from sweet chestnut, oak, ash, beech, birch, 
poplar, willow, eucalyptus, alder, spruce and pine woods with particle sizes of 1- 
4mm. For each charcoal type, four, Ig samples of inoculated charcoal were weighed 
into sterile 25ml vials and 10ml sterile 14 strength Ringer’s solution was added and 
allowed to stand for Ihr to remove surface cells and excess broth. Vials were inverted 
once, then the supernatant was removed and the charcoal was rinsed with a further 
10ml sterile 14 strength Ringer’s solution. To measure dispersal, 10ml Ringer’s 
solution was added to the charcoal and the mixture was allowed to stand for Ihr at 
20°C. After Ihr, the supernatant solution was sampled and plated out to estimate how 
many bacteria had dispersed from the charcoal. Release from eucalyptus charcoal 
was determined again after 1 week (168hrs).
The spread of P. fluorescens from charcoal into sand and loam soils with different 
moisture contents was assessed using inoculated eucalyptus charcoal with a particle 
size of l-4mm. Square bioassay plates (24.5 x 24.5cm) were filled with 300ml sand 
(Westland Gaiden Sharp Sand) or topsoil (J Arthur Bowers Topsoil, <2mm) to 
provide two different soil textures. It is hypothesised that soils with a finer soil 
texture support less microbial movement as clay and silt particles are negatively 
charged, thus trapping microbial cells more effectively than sand particles which have 
little charge. Soils were moistened to 10, 30 and 50% water holding capacity as
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determined in 2.3.2. using sterile RO water to determine if the presence of ‘free’ water 
in the form of a water film will aid microbial dispersal. Four replicates and one blank 
were prepared for each soil type for each moisture content. One gram inoculated 
eucalyptus charcoal was added to the centre of each bioassay plate and inoculated 
plates were subsequently incubated at 25°C for 1 week. One gram samples of soil 
were taken at 2, 4, 6, 8 and 10cm away from the centre of the plate where the 
inoculated charcoal was placed in two perpendicular directions to estimate dispersal 
of P. fluorescens through the soil.
4.3.2. Copper Toxicity to P. fluorescens.
In order to determine the toxicity of copper to P. fluorescens, a culture grown for 48hr 
in TSB was centrifuged at lOOOg for 15min. The supernatant was removed and the 
pellet rinsed with sterile 14 strength Ringer’s solution. Finally lire pellet was re­
suspended in sterile 14 strength Ringer’s solution. One ml of this bacterial suspension 
was added to 9ml of solutions with the following copper concentration: 0, 1, 2, 3, 4 
and 5mg/1 Cu prepared using CUSO4 .5 H2O dissolved in RO water. Four replicates 
were used for each concentration. Vials were incubated at 25°C for 24hr with gentle 
shaking. After this time, all bottles were sampled and plated onto TSA amended with 
50mg/l X-Gal. After 48hr incubation, surviving P. fluorescens were counted. Results 
were expressed as cfu/ml of solution.
4.3.3. Protection of P. fluorescens from Copper Toxicity by Charcoals
Initial investigations with inoculated charcoals suggested 30mg/l was a copper 
concentration at which P. fluorescens grown on charcoal survived, but with some 
reduction in population size. Therefore 30mg/l was used as the copper concentration 
to compare protective properties of the different charcoals. The moisture content of 
the inoculated charcoals was determined by drying a weighed sample at 105°C and 
measuring the moisture loss after 24hr. Inoculated charcoal equivalent to 0.5g dry 
weight was added to eight sterile 25ml vials for each charcoal type. Ten ml sterile 
30mg/l copper solution was added to four vials and 10ml sterile RO water was added 
to four vials to act as controls. Vials were incubated at 25°C for 24hr with gentle 
shaking. Charcoal was removed from the solutions using sterile forceps and the
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population of P. fluorescens per g charcoal determined as in 2.2.1.2, If metal 
adsorption plays a significant role in the survival of bacteria within the charcoal 
structure, it is expected that charcoals with good metal sorption characteristics will 
provide more protection and therefore exhibit higher survival rates.
In order to further evaluate the mechanism by which charcoal offers protection to 
microorganisms, the survival of P. fluorescens on eucalyptus charcoal over time and 
in different paiticle sizes was investigated. It is hypothesised that if toxicity is 
determined by simple diffusion that survival of bacteria within the charcoal pore 
structure would be a function of particle size and time with large particles exhibiting 
greater survival. A steady decline in population size would be expected from day one. 
Eucalyptus charcoal was prepared in three different particle sizes; <lmm, l-4mm, 
>4mm and inoculated as described in 2.2.1.1. Survival after 24hrs in 30mg/l copper 
solution was recorded compared to those particles that were exposed to Omg/1. 
Survival in l-4mm charcoal after 1, 2, 3, 5 and 7 days in 30mg/l copper solution was 
also measured in comparison to exposure to Omg/1.
4.3.4. Effect of Inoculation with P. fluorescens on Copper Sorption Capacity of 
Charcoal
Because microbial colonisation of charcoal surfaces will lead to ’clogging’ of pores 
with polysaccharides and microbial cells, it is hypothesised that inoculation will 
reduce the ability of charcoal to adsorb metals. In order to determine how inoculation 
changes the sorption properties of charcoal, the copper sorption capacities of charcoal 
and inoculated charcoal were determined. Inoculated charcoals were dried at 40°C 
and copper sorption capacities were determined as described in 2.1.5. along with the 
copper sorption capacities of the charcoals themselves. To further evaluate which 
factors in the inoculation procedure affects sorption capacity, the copper sorption of 
poplar charcoal (l-4mm particle size), poplar chaicoal with TSB, poplar charcoal 
vacuum infiltrated with TSB and P. fluorescens culture, poplar charcoal with TSB and 
inoculated with P. fluorescens then incubated for 1 week and poplar charcoal vacuum 
infiltrated with a suspension of P. fluorescens in 14 strength Ringer’s solution were 
determined. All charcoals were dried at 40^C before sorption experiments were 
carried out as described in 2.1.5.
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4.3.5. Effect of Biofilms on Survival of P. fluorescens in Copper Solution
P. fluorescens was grown and suspended in Va strength Ringer’s solution as described 
in 4.3.2. The culture was then vacuum infiltrated into 4g eucalyptus charcoal with a 
particle size of l-4mm. The charcoal was immediately divided into eight parts 
(equivalent to 0.5g dry weight each). Four parts were each added to 10ml RO water 
and 4 parts were each added to 10ml copper solutions each containing 30mg Cu/1. 
Populations surviving on the charcoals were determined after incubation at 25°C for 
24hr using dilution plating on TSB amended with 50mg/l X-Gal. The procedure was 
repeated with a further 4g eucalyptus charcoal, but incubated for 1 week at 25°C to 
allow a biofilm to establish before exposure to copper solution.
4.3.6. Statistical Analysis
Statistical calculations were carried out using GraphPad Instat version 3.05 (GraphPad 
Software, USA). Microbial counts were logged to normalise data before analysis. 
Pairs of populations exposed to 0 and 30mg/l copper were compared using an 
unpaired two-way t-test. Groups of means were compared using a one way ANOVA 
with a Tukey-Kramer post-hoc significance test. A significance level of P<0.05 was 
used throughout.
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4.4. Results
4.4.1. Colonisation and Release of Bacteria into Soil
After 7 days growth, the population of P. fluorescens on wood charcoals was found to 
be between 5.0 xlO* and 10*^cfu/ml (Figure 4.1.). All charcoals released upwards of 
lO^cfu/g/hr into solution immediately after being placed in a Va strength Ringer’s 
solution. After 1 week in solution (168hrs) eucalyptus charcoal still released 1.74 x 
lO^cfu/g/hr. No correlation was observed between charcoal surface characteristics, 
such as surface area and pore volume (from Chapter 3) and colonisation and release of 
P. fluorescens.
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Figure 4.1. Total colonisation o f wood charcoal by P. fluorescens and release into solution over 1 hour. Results are shown as 
mean log cfu/g ± standard error o f the mean. N = 4.
60
Sand
la
l aI:
CLi  2
0 1 0 %  WHC 
■  30% WHC 
□  50%W HC
1 6 B
Distance from inoculated charcoal (cm)
0 1 0 %  WHC 
■  30% WHC 
□  50% WHC
D istance from inoculated charcoal (cm)
Figure 4.2. Spread of P. fluorescens from eucalyptus charcoal into sand and loam adjusted to either 10. 30 or 50% water holding 
capacity (WHC) over 1 week. Results below the detectable limit are given as zero. Results are shown as mean log cfu/g ± 
standard error of the mean. N = 8
Release into soil from inoculated charcoal was found to be dependent on the moisture 
content of the soil rather than the soil type (Figure 4.2.). A water content of 30% soil 
water holding capacity or more was required to get effective spread throughout the 
assay plate. No spread from the charcoal was observed at 10% water holding capacity 
in either soil.
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4.4.2. Protection from Copper Toxicity
Free P. fluorescens cells in solution were found to be highly sensitive to copper 
toxicity. All counts were significantly lower after exposure to copper solutions than 
when exposed to the copper-free control (1.17xl0’cfu/ml). At copper concentrations 
of lmg/1 1.69 X lO'cfu/ml survived. At copper concentrations greater than 1 mg/1, no 
survival of P. fluorescens was observed above the minimum detection limit of 
lOcfu/ml.
I mg/l ■ 3 0 m g /l
Figure 4.3. Population of P. fluorescens in charcoal after 24hr in solutions with initial copper concentrations of 0 and 30mg/l. 
Results are shown as mean log cfu/g ± standard error of the mean. N = 4.
When colonising charcoal, P. fluorescens showed good survival when exposed to 
solutions with an initial copper concentration of 30mg/l (Figure 4.3.). The greatest 
survival was observed for the Pseudomonas population in poplar and willow 
charcoals, which showed no significant difference between the populations exposed to 
Omg/1 and 30mg/l copper solutions. A significant difference between populations 
exposed to Omg/1 and 30mg/l copper solutions was observed for all other charcoals. 
After exposure to copper, a reduction of more than 2 log units in the P. fluorescens 
populations was observed for sweet chestnut, ash, beech, birch and eucalyptus 
charcoal, while a population reduction of around 1 log unit was observed for oak, 
alder, spruce and pine charcoals. Birch charcoal provided the least protection to P. 
fluorescens with a population reduction of 2.85 log units. Survival of P. fluorescens
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on charcoals was not found to correlate with the copper sorption capacity of the 
charcoal (Figure 4.4.).
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Figure 4.4. Variation in population loss of P. fluorescens from inoculated wood charcoals after exposure to 30mg/l copper 
solutions for 241ir with charcoal copper sorption capacity (data from chapter 3). Sorption capacity results are shown as mean ± 
standard error of the mean, N = 3. Population losses are shown as differences in mean log cfti/g ± standard error o f the mean, N 
= 4.
The population of P. fluorescens on eucalyptus chaicoal declined after exposure to 
30mg/l copper solution over time compared to inoculated charcoal exposed to Omg/1 
copper (Figure 4.5.). On all days the population exposed to 30mg/l copper was 
significantly smaller than those populations in charcoal that were not exposed to 
copper. An initial decrease in population size of over 1 log unit was observed on days 
1 and 2. This increased to around 2.5 log units for day 3 and 5 and increased further 
to over 3 log units on day 7 (Figure 4.5.).
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Figure 4.5. Population of P. fluorescens on eucalyptus charcoal (l-4m m ) over 7 days in solution with initial copper 
concentrations of 0 and 30 mg/l. Results are shown as mean log cfu/g ± standard error of the mean. N = 4.
Survival of P. fluorescens on eucalyptus charcoal was found to increase with 
increasing charcoal particle size (Figure 4.6.). No significant difference between the 
populations exposed for 24hr to Omg/1 and those exposed to 30mg/l copper solutions 
were observed when bacteria were inoculated onto charcoal particles of >4mm. For 
charcoal particles of l-4mm and <lm m  in size, a significant drop in population of 
0.66 log units and 1.34 log units were observed respectively when the colonised 
charcoal was exposed to solutions containing 30mg Cu/1 for 24hr.
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Figure 4.6. Population of P. fluorescens on eucalyptus charcoal with particle sizes of <lm m , l-4mm and >4mm after 24hrs in 
solution with initial copper concentrations of 0 and 30mg/l. Results are shown as mean log cfWg ± standard error of the mean.
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Inoculation of charcoal with P. fluorescens had a normalising effect on the copper 
sorption capacity of the charcoals (Figure 4.7.). No effect on the sorption capacities 
of ash, sweet chestnut and alder charcoals was observed. However, inoculation 
significantly decreased the sorption capacities of initially highly sorbing charcoals, 
such as eucalyptus, willow and poplar, by 60-70%. Sorption by charcoals with low 
metal sorption capacities such as, spruce, birch, pine, beech and oak significantly 
increased as a result of inoculation with P. fluorescens (Figure 4.7).
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Figure 4.7. Effect of inoculation with P. fluorescens on copper sorption by wood charcoals. Results are shown as mean ± 
standard error of the mean. N = 4.
The addition of TSB to charcoal as a nutrient medium greatly reduced the copper 
sorption capacity of poplar charcoal (Figure 4.8). All treatments involving TSB 
significantly reduced copper sorption capacity compared to the original charcoal. No 
differences between treatments involving TSB were observed. The P. fluorescens 
culture added without TSB also decreased copper sorption capacity, but to a lesser 
extent than treatments involving TSB.
65
15000
o  10000 ■ ■
TSB + P. Iluorescens TSB + P.
fluorescens(1»k)
P. fluorescens
Figure 4.8. Effect of tryptone soya broth (TSB), tryptone soya broth and P. fluorescens culture (TSB + P. fluorescens), tryptone 
soya broth and P. fluorescens culture with 1 week incubation (TSB + P. fluorescens (Iwk)) and addition o f P. fluorescens in V* 
strength Ringer’s solution on copper sorption of poplar charcoal with a W m m  particle size. Results are shown as mean ± 
standard error of the mean. N = 4.
To determine the effect of colonisation/biofilm formation on survival of bacterial 
cells, eucalyptus charcoal was inoculated with P. fluorescens in V4 strength Ringer’s 
solution, to remove the metal sorption effect of the TSB, and either exposed to 30mg/l 
copper solution immediately or after 1 weeks incubation (Figure 4.9). Populations on 
the charcoals with and without incubation were not significantly different (lO^cfu/g) 
when exposed to Omg/1 Cu. Allowing P. fluorescens cells to colonise the charcoal 
surface for 1 week increased survival >1600 fold compared to a population of P. 
fluorescens that was present as a free suspension in the charcoal pores.
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Figure 4.9. SurvivaJ of P. fluorescens on eucalyptus charcoal with a particle size of l-4mm without incubation and after 1 week 
incubation after exposure to 0 or 3Omg/1 copper for 24hrs. Results are shown as mean log cfu/g ± standard error of the mean. N 
= 4.
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4.5. Discussion
All charcoal types could be colonised by P. fluorescens to give populations of up to 
lO'^cfu/g charcoal. This is in line with other reported microbial carriers such as 
vermiculile and bone charcoal (Graham-Weiss et al. 1987, Someus 2006). Large 
microbial populations associated with a microbial carrier are important for soil 
inoculation as the role of the carriers is to provide a large viable population when and 
where required. The release of bacteria into solution shows there is potential for the 
charcoal to inoculate die surrounding soil rather than remaining as an isolated 
bacterial community within the charcoal particle. The spread of P. fluorescens 
through sand and loam indicates that providing soil conditions are favourable and 
moisture content is sufficient, bioremediation using inoculated chaicoal would not be 
reliant on the sorption capacity of the charcoal to bring the organic contaminants to 
the bacterial community. This is useful since it is highly likely that inoculation will 
decrease the ability of charcoal to sorb organic compounds as the deposition of 
microbial cells and (poly)saccharides on the charcoal surface will reduce the available 
surface area.
All wood charcoal types offered some protection to bacteria and a significant 
proportion of bacteria inoculated into charcoal survived exposure to copper 
concentrations that were 30 times greater than the minimum toxic dose for free living 
cells. However, this protective effect is not due to the sorption capacity of the 
charcoal themselves. Inoculation of charcoal with P. fluorescens greatly reduced the 
copper sorption capacity of highly sorbing charcoals such as eucalyptus, poplar and 
willow. This is primarily due to the addition of TSB as a nutrient media which may 
block charcoal pores or binding to ion exchange sites preventing metal sorption. The 
bacterial cells themselves had a similar effect. Inoculation increased copper sorption 
of low metal sorbing charcoals such as birch. This is probably due to functional 
groups in the bacterial biomass and microbially produced polysaccharides providing 
additional sorption sites (Ahluwalia & Goyal 2007). On sites with mixed metal and 
organic contamination, the inoculated charcoal cannot be relied upon to sorb heavy 
metal ions efficiently due to the loss in metal sorption capacity on inoculation. 
Therefore, a blend of charcoals would be required. A highly metal sorbing charcoal 
such as that produced from nettle or oil seed rape straw would be required to remove
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metal toxicity, while inoculated charcoal would provide the degrading population 
(Wingate 2008).
The increased survival of Pseudomonas in larger charcoal particles and decreased 
survival over time suggests that protection is due to the porous structure of the 
charcoal. On small particles most of the population are on, or near the particle surface 
and are therefore more vulnerable to copper exposure from the surrounding solution. 
On larger particles a greater proportion of the population is present on the internal 
porous structure where copper ions are slower to penetrate. The initial drop in 
population observed after one day in copper solution can be attributed to easily 
accessible cells on the outer surface layer of the charcoal particle being exposed to the 
copper solution. Subsequent diffusion of copper solution through the particle over 
several days leads to progressive population loss. This means that granular charcoal 
of l-4mm or greater is likely to be more effective as a microbial carrier than 
powdered charcoal since the microbial population is more likely to survive and 
establish itself. Diffusion rates in the soil environment will also be much slower than 
those in liquids and therefore survival rates in the soil are expected to be higher.
Establishment of a biofilm is important for the survival of microorganisms on 
charcoal. Exposure to copper immediately after inoculation led to >1600 times 
greater population losses than when microorganisms were allowed to form some kind 
of biofilm within the charcoal pore structure. The formation of a biofilm slows the 
rate at which copper penetrates the charcoal particle and decreases the exposure of 
viable cells as cells will generally become embedded in a layer of extracellular 
polysaccharides. Therefore, cultures should be incubated for a period of time before 
addition to the soil to enable maximum viability of the inoculum.
4.6. Conclusions
All charcoals investigated could be shown to be good microbial carriers and to offer 
protection to microorganisms against copper toxicity, with the highest survival rates 
observed for poplar and willow charcoals. Particle size and the formation of a biofilm 
are important factors in inoculum survival. Since sorption properties are affected by 
inoculation procedures, in situations where mixed metal and organic contaminants co­
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exist, the inoculated charcoal cannot be relied upon to supply sufficient sorption 
capacity to immobilise all metals within the site. Therefore, a combination of 
charcoals would be required consisting of a highly metal sorbing charcoal to 
immobilise metals and an inoculated chaicoal for treatment of organic compounds.
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Chapter 5
Remediation of a MetaK Arsenic and Phenanthrene 
Contaminated Soil using Amendments of Charcoal
and Iron Filings
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5.1. Introduction
Soils contaminated with mixtures of both metals and organic compounds are difficult 
to remediate since metal toxicity can inhibit the biodégradation of organic 
contaminants (Riis et al. 2002, Sokhn et al. 2001). Metal immobilisation using soil 
amendments aims to reduce metal leaching and bioavailability through sorption 
processes such as ion exchange, surface precipitation and sorption to mineral surfaces 
(Kumpiene et al. 2008). This reduces toxicity and can restore microbial functionality 
to the soil. As a result, organic contaminants can be biodegraded. In situations 
containing complex mixtures of contaminants, such as a range of heavy metals, 
arsenic and hydrocarbons, a careful selection of amendments can be used to target 
non-degradable contaminants in order to enhance bioremediation of organic 
contaminants. Since different amendments have specific actions, a blend of materials 
is often required to immobilise both metal cations and arsenic anions. For example, 
immobilisation of metal cations requires either an increase in pH or the provision of 
cation binding capacity. Conversely, arsenic exists predominantly in anionic form 
whose mobility increases with increasing pH.
Iron amendments have been investigated for the stabilisation of both metal cations 
and arsenic in soils. For example, zero valent iron (Fe(0)) oxidises within the soil to 
poorly crystalline iron hydroxides that have been used to stabilise both arsenic and 
metal toxicity. This treatment has been shown to reduce copper leaching, but failed to 
prevent copper phytotoxicity (Bes & Mench 2008, McBride & Martnez 2000). In a 
series of trials, a range of iron containing amendments were tested in different soil 
types containing arsenic contamination (Hartley et al. 2004, Hartley & Lepp 2008b, 
Hartley & Lepp 2008a). Amendments with 1% w/w goethite (a-FeOOH), iron grit, 
Fe(II) sulphate with lime, Fe(III) sulphate with lime and lime alone were tested in 
short and long term leaching tests along with uptake tests with rye, tomato and 
spinach plants. Column tests indicated stability and efficacy over longer time periods, 
but in some cases Fe(II) and Fe(III) sulphate treatments with lime increased 
mobilisation of metal cations such as lead, cadmium, copper and zinc. In terms of 
plant growth, goethite proved the most promising treatment, improving plant growth 
and reducing arsenic uptake, but not to the same extent as a non-polluted soil and no 
treatment completely halted arsenic uptake. In field trials aimed at reducing arsenic
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uptake by vegetable crops, Fe(II) sulphate with lime was amended at rates between 
0.2 to 2% (Warren et al. 2003). Results were found to be dependent on soil type, crop 
and arsenic bioavailability. For most crops, except spinach, Fe(II) sulphate treatment 
with lime resulted in a reduction of arsenic bioavailability in some part of the plant. 
Acidification of the soil by the Fe(II) sulphate liberation of H2SO4 was a problem 
which could mobilise metal cations through the lowering of the soil pH. This 
highlighted the need for the correct rate of lime application. In the same trial iron grit 
(<2.5mm) at 0.2% amendment rate was found to have no effeet on As uptake. It was 
suggested that iron grit with smaller particle size and therefore higher surface area 
could be more effective. In general, iron amendments show potential to treat arsenic 
contamination, but selection of iron formulation and application rate are important 
considerations. It has been reported that application rates of higher than 5% w/w can 
cause soil structure problems such as aggregate cementation and changes to the soil 
porosity (Kumpiene et al. 2008).
A soil amendment that is increasingly under investigation is the use of charcoal or 
biochar to improve soil conditions. In a trial using soil talcen from a mine spoil heap 
containing high levels of metal and arsenic, treatments of between 0.2% w/w and 4% 
w/w charcoal produced from two different starting materials (stinging nettle and sweet 
chestnut wood) were demonstrated to reduce copper leaching, improve soil pH, 
increase aerobic bacterial counts and enhance plant growth and thus stabilization of 
the soil (Wingate 2008). During the 40 day sunflower growth experiment, increases 
in plant biomass of between 8 and 20 times tliat of the control were observed for 
nettle charcoal treatments and between 2 and 5.5 times that of the control were 
observed for sweet chestnut charcoal treatments. The differences in efficacy are 
attributed to the ability of each charcoal type to sorb metal cations. Nettle charcoal 
has high sorption capacity (up to 190 OOOmg Cu/kg) and therefore reduced copper 
leaching to below detectable limits with soil treatment levels of 0.4% w/w and above 
and by 80% with a treatment level of 0.2% w/w. Sweet chestnut charcoal has much 
lower sorption capacity (SOOOmg Cu/kg) and therefore amendment rates of greater 
than 2% w/w were required to get a 50% reduction in copper leaching. Neither 
treatment completely removed phytotoxicity, with metal toxicity symptoms more 
pronounced for the sweet chestnut charcoal treated soil than the nettle treated soil. 
Sweet chestnut charcoal was found to have no effect on arsenic mobility, while high
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application rates of nettle charcoal (4% w/w) were found to increase arsenic mobility 
at the start of the trial, possibly due to a higher pH caused by tliis amendment. By the 
end of the trial period a 70% reduction in leachable arsenic levels was observed in 
nettle treated soil due to increased uptake by the plant biomass. This trial 
demonstrated that for charcoal to be used in soil remediation, charcoals need to be 
carefully selected to get the necessaiy sorption properties to bind contaminants.
5.2. Aims
This work aims to remediate metal and arsenic toxicity witliin a soil contaminated 
with high levels of metal, arsenic and phenanthrene and to enable degradation of the 
phenanthrene to talce place. Treatment with nettle charcoal, chosen for its metal 
sorption capacity and ability to improve soil pH, and iron filings (Fe(0)), selected for 
their ability to affect metal and arsenic mobility were used alone and in combination. 
Effects of the treatments were measured in two ways. Firstly, in terms of copper, iron 
and arsenic leaching and the extent of phenanthrene degradation and secondly in 
terms of phytotoxicity and plant metal and arsenic uptalce using a sunflower growth 
trial.
5.3. Materials and Methods
Soil was collected from a mine spoil heap in the Tamar Valley, sieved to <4mm and 
spiked with phenanthrene at a concentration of lOOOmg/kg as described in 2.3.1, 
Table 5.1 gives soil characteristics and key soil contaminant levels before spiking. 
Eight pots were prepared for each treatment as described in 2.3.3. Treatments were 
1% w/w nettle charcoal (<500pm), 5% w/w iron filings (Fisher Scientific) and a 
combination of 1% w/w nettle charcoal and 5% w/w iron filings. Untreated soils were 
also prepared to act as controls. 24hrs after treatment, an application of 1% w/w fresh 
garden soil was added to all pots as a source of soil microbes. Four replicates for each 
treatment were used to evaluate treatments in terms of metal leaching and 
phenanthrene degradation. These were incubated in a randomised experimental 
design at 25°C for 56 days and maintained at 60% water holding capacity by daily 
weight adjustment with water. Samples were taken every 3 or 4 days and measured 
for metal leaching, soil pH and size of the bacterial phenanthrene degrader
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populations. Samples for measurement of phenanthrene concentration were taken on 
days 1 and 56 and stored at -5°C until analysis. Metal leaching tests were carried out 
as described in 2.3.6, soil pH as described in 2.3.4. and soil phenanthrene degraders 
were enumerated as described in 2.3.5. Phenanthrene extraction and quantification 
were carried out as described in 2.3.7.
Table 5.1. Soil characteristics and key contaminant levels in Tamar Valley Soil (Wingate 2008).
% w/w
Sand (2.00-0.063mm) 92
Silt (0.063-0.002mm) 4
Clay (<0.002mm) 4
Organic Matter 0.9
mg/kg
Copper 1641
Zinc 47
Lead 189
Cadmium 813
Chromium 34
Arsenic 34470
The remaining four pots of each treatment type were incubated for 10 days before 
being seeded with three sunflower seeds (Helianthus annus. Elite Sun -  FI, 
Thompson and Morgan). Four pots were prepared using sand as described in 2.3.3 
and used as a positive control for plant growth in unpolluted soil. Sand was chosen 
for its similar texture to the polluted soil. Sunflowers were grown at 25°C with a 16hr 
photoperiod for 46 days in a randomised experimental design. After germination the 
number of seedlings in each pot was reduced to one. At the end of the trial, plants 
were harvested and their roots rinsed in RO water to remove soil particles. Plants 
were dried at 60”C for 3 days and the root and shoot weights were recorded. Plant 
shoots were analysed for metal uptake using ICP-OES following a nitric acid 
digestion by Forest Research (Alice Holt, Surrey). Plant arsenic uptake levels for tire 
charcoal and charcoal and iron treated soil were determined on the same digest extract 
using HG-FAAS as described in 2.3.6.
Statistical analyses were carried out using GraphPad InStat version 3.05 (GraphPad 
Software, USA). Plant arsenic uptake levels were compared using a two-way 
unpaired t-test. All other data were compared using a one-way ANOVA with a 
Tukey-Kramer post test to assess significant differences between treatments. 
Microbial counts were log transformed to normalise data sets before analysis. A 
significance level of P<0.05 was used throughout.
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5.4. Results
5.4.1. Metal Leaching and Phenanthrene Degradation
Treatment of the soil with iron filings had a negative impact on the soil structure, 
causing it to cement together. In the soil treated with charcoal and iron filings, this 
effect was less apparent and the soil remained friable. Charcoal had no visible 
negative effect on the soil structure.
Leachable copper levels were monitored as it occurred at the highest concentration in 
the soil. All soil treatments significantly reduced copper leaching compared to the 
controls (Figure 5.1a). For the mixed charcoal and iron treatment, leachable copper 
was reduced to below detectable limits of 1 mg/kg, while charcoal and iron treatments 
individually reduced leachable copper levels to 1.69 and 2.88mg/kg respectively in 
comparison to 8.13mg/kg for the control on day 56. Initial leachable copper levels for 
the iron treated soil were below the detection limit, but then increased after day 3 and 
stabilized at below 3mg/kg.
Iron leaching was monitored to determine the time required for iron filings to corrode 
to iron oxides in the soil environment. High leachable iron levels were observed 
initially for soils treated with iron filings alone or in combination with charcoal 
(Figure 5.1b). Leachable iron levels on day 1 in soil treated with iron filings alone 
was approximately double the level from soil treated with iron in combination with 
charcoal. Leachable iron in soils decreased to below control levels (approx 30mg/kg) 
by day 14 for the charcoal and iron treated soil and by day 28 for the soil treated with 
iron alone. Charcoal treatment decreased leachable iron levels from day 1 by 
approximately 10 fold. By day 56 all treatments had reduced leachable iron levels to 
significantly below that of the control to 2.70, 13.17 and 3.26mg/kg for the charcoal, 
iron and charcoal plus iron treated soils respectively.
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Figure 5.1. Leachable a) copper, b) iron and c) arsenic from control soils and those treated with 1% w/w charcoal, 5% w/w iron 
filings or 1% w/w charcoal and 5% w/w iron filings. Leachable metals were measured from 2g soil shaken in 20ml RO water for 
24hrs. Results are given in terms o f soil diy weight as mean ± standard error o f the mean. N = 4.
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Charcoal had no significant effect on leachable arsenic levels by day 56 compared to 
the control (Figure 5.1c). Treatment with iron alone or in combination with charcoal 
reduced leachable ai'senic levels significantly by approximately 2 fold compared to 
the control and charcoal treated soils.
Table 5,2. pH o f control soil and soil treated with either 1% w/w charcoal, 5% w/w iron filings or 1% w/w charcoal and 5% w/w 
iron filings measured on day 1 and day 56. Results given are mean (standard eitor of the mean). N = 4
Treatment Day 1 Day 56
Control 3.35 (0.08) 3.25 (0.02)
Charcoal 4 .18(0.09) 3.91 (0.01)
Iron 4.53 (0.09) 4.16(0.04)
Charcoal + Iron 4.78 (0.10) 4.74 (0.02)
Untreated soil was acidic with a pH of 3.35 (Table 5.2). All soil treatments 
significantly increased the soil pH by between 0.8 and 1.4 units compared to the 
control on day 1. The combined charcoal and iron treatment had the greatest effect on 
pH, an increase of approximately 1.5 pH units. This effect was unchanged by day 56. 
A decrease in soil pH was observed for soil treated with charcoal or iron alone over 
the 56 day trial, but pH values for all treatments remained above control values. 
Overall the effect of treatments on soil pH was of the order charcoal < iron < charcoal 
+ iron.
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Figure 5.2. Phenanthrene degrader counts in control soils or soils treated with 1 % w/w charcoal, 5% w/w iron filings or 1% w/w  
charcoal and 5% w/w iron filings over 56 days determined using a plate count method with a sprayed phenanthrene overlay. 
Results are shown as tlie mean log cfu/g ±  standard error o f the mean. Minimum detection limit was 2.07 log cfu/g. N=4
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Phenanthrene degrader numbers were very low or undetectable in the control soil 
throughout the trial (minimum detection limit -  117cfu/g) (Figure 5.2). In all soils, 
the populations of phenanthrene degrader increased rapidly over the first 14 days. 
This population growth was slower for soil treated with iron filings alone compared to 
the charcoal and charcoal and iron treated soils, but reached the same number of 
phenanthrene degraders 18 days after amendment. A decrease in the number of 
phenanthrene degraders was observed in the charcoal treated soil from day 28 and the 
iron treated soil from day 49.
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Figure 5.3. Percent phenanthrene removal from control soil or soil treated with 1% w/w charcoal, 5% w/w iron filings or 1% 
w/w charcoal with 5% w/w iron filings after 56 days determined using GC-MS. Results are given on a dry weight basis as mean 
± standard error o f the mean. N = 4.
All treatments significantly increased phenanthrene removal from the soil compared 
to the control soils in which 21% phenanthrene removal was observed (Figure 5.3). 
Treatments with iron or charcoal and iron were the most effective, showing 82% and 
86% removal respectively. Phenanthrene removal in both of these treatments was 
significantly more than that in the charcoal treated soil in which 65% removal was 
observed.
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5.4 .2 . Phytotoxicity and Plant U ptake o f  D ifferent E lem ents
Sunflower growth and plant biomass analysis was used to establish the effects of the 
treatments in terms of enabling plant growth and preventing metal and arsenic uptake. 
Sunflowers were chosen due to their ability to accumulate metals and produce 
biomass quickly. One plant grown in charcoal treated soil was mechanically damaged 
during the experiment and was therefore excluded from the results.
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Figure 5.4. Sunflower root and shoot biomass from plants grown for 46 days in control soil or soil treated with 1% w/w charcoal. 
5% w/w iron filings or I % w/w charcoal and 5% w/w iron filings. Plants grown in sand were used as a positive control. Results 
are given as mean ± standard error of the mean. N = 4 (N = 3 for charcoal)
No sunflower survival was observed in untreated soil and only one plant survived in 
iron treated soil which was severely chlorotic (Figure 5.4.). Both charcoal treated and 
charcoal and iron treated soil showed good growth of sunflowers but both produced 
less than 20% of the root and shoot biomass compared to the positive control grown in 
sand (P<0.05). Treatments with charcoal and charcoal and iron produced no 
significant differences in the amount of biomass. Symptoms of metal toxicity, such as 
chlorosis and leaf necrosis, were observed in both sets of plants after approximately 
42 days growth (Figure 5.5.).
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Figure 5.5. Example of phyioioxicity symptoms observed in sunflower plants grown for 46 days in metal, arsenic and 
phenanthrene contaminated soil treated with 1 % w/w charcoal or 1 % w/w charcoal and 5% w/w iron filings.
Soil treatments resulted in some variation in metal and arsenic uptake into sunflower 
shoots, however, none of the treatments reduced uptakes to levels consistent with non­
polluted soil (Table 5.3). The plant grown in soil treated with iron filings alone was 
found to contain very high levels of metals, including copper, iron, nickel, chromium, 
cobalt, aluminium and manganese. Approximately twice as much arsenic was taken 
up by plants grown in charcoal treated soil compared to plants grown in soil treated 
with both charcoal and iron filings. Copper uptake was found to be around three 
times higher in charcoal and charcoal and iron treated soil compared to sand (P<0.05), 
but no significant differences were observed between the two treatments. Similar 
results were observed for lead uptake. Significantly higher uptake of iron was 
observed for plants grown in charcoal treated and charcoal and iron treated soil 
compared to plants that had grown in non-polluted sand. The treatment combining 
charcoal and iron resulted in a third less uptake of zinc compared to the charcoal 
treated soil (P<0.05). Significantly more manganese (8 fold), chromium (2.5 fold), 
nickel (20 fold) and cobalt (2.5 fold) were taken up by plants grown in charcoal and 
iron treated soils compared to ones grown in soil treated with charcoal alone. More 
than 2.4 times more aluminium was taken up by plants grown in charcoal treated soil 
compared to soil that was treated with a combination of iron and charcoal.
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Table 5.3. Uptake of elements by sunflower shoots grown in positive control soils (sand) or soils treated witli 1% w/w charcoal, 
5% w/w iron or 1% w/w charcoal and 5% w/w iron. Concentrations of the different elements were determined by ICP-OES and 
arsenic by HG-FAAS. Results are given as mean mg/kg dry weight (standard error o f the mean). N = 4 charcoal + iron and 
sand, N = 3 charcoal, N = 1 iron
Charcoal Iron Charcoal + Iron Sand
K 59173 (1256) 27198 54648 (2875) 37498(1254)
Mg 5650 (649) 5108 3793 (294) 5479 (87)
Ca 14743 (2416) 25578 13438(1106) 34283 (1664)
Na 2630 (539) 8480 1922 (252) 1210 (97)
P 1270 (196) 5305 1243 (65) 2459 (155)
S 8198(1155) 19879 8580(700) 3 8 4 8 (103)
A1 142.5 (30.4) 526 58.8 (6.4) 22.1 (0.7)
Mn 123 (12) 3983 1028 (137) 141 (18)
Fe 519(179) 5747 385 (44) 103 (4)
Cu 59(8 ) 137 54(2) 17 (1)
Zn 95(8 ) 90 62(2) 29 (2 )
Cd 0 (0 ) 0.92 0.02 (0.02) 0.16 (0.02)
Cr 0.12(0.06) 2.26 0.31 (0.05) 0.21 (0.04)
Ni 3.5 (0.4) 290.3 71.9 (9.9) 1.1 (0.1)
Ba 3.3 (0.7) 8.8 2.4 (0.4) 10.4 (0.8)
Co 2.56 (0.26) 31.58 6.82(1.24) 0.22 (0.03)
Pb 5.5 (1.5) 0 4.9 (0.5) 1.0 (0.3)
As 165 (57) - 74(10) -
Plants grown in soils treated with either charcoal or charcoal and iron, had around 
twice the amount of potassium and sulphur in their shoots than plants grown in clean 
sand (P<0.05). However, the same plants contained only half the amount of calcium 
and phosphate (P<0.05). Plants grown in charcoal and iron treated soil also had 40% 
lower magnesium uptake than plants grown in the charcoal treated soil or in clean 
sand. These levels are regarded a ‘normal’ for sunflowers (Manitoba Agriculture 
Food and Rural Initiatives 2009).
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5.5. Discussion
5 .5 .1 . M etal L eaching and Phenanthrene D egradation
All treatments reduced the leaching of metals from the soil. Charcoal treatment alone 
was effective at reducing copper and iron leaching by more than 75%, but had no 
significant impact on arsenic mobility. These results were as expected since nettle 
charcoal has a high sorption capacity for metal cations, but is unable to take up 
arsenic anions (Wingate 2008). The rise in soil pH to below pH 5 caused by the 
charcoal treatment at 1% w/w treatment rate was insufficient to mobilise arsenic as 
was seen in previous trials where the pH was raised to more than 6 (Wingate 2008). 
The initial increase in pH caused by charcoal treatment, followed by a reduction by 
day 56 is probably caused by dissolution of carbonates within the charcoal (Stratford 
2009).
Treatment of the soil with iron filings was effective at reducing copper and arsenic 
leaching, but caused increased leachable iron levels during the first 28 days of the 
trial. It is most likely that the low pH of the soil caused a rapid corrosion of the iron 
filings surface resulting in the formation of iron oxides and hydroxides which had the 
effect of changing the soil structure, cementing the soil particles together. This 
problem was less distinct in the combined charcoal and iron treated soil where the 
charcoal had the effect of reducing leachable iron levels more rapidly and the soil 
remained friable. The combined charcoal and iron treatment was also more effective 
at decreasing leachable copper concentrations due to the combined sorbing effect of 
the charcoal and iron and the higher final pH of the soil. The addition of charcoal to 
the iron treatment did not affect its ability to reduce the amount of leachable arsenic.
In untreated control soils, phenanthrene degrader populations failed to establish. As a 
result, limited phenanthrene degradation was observed. Detoxification of the soil 
using charcoal, iron filings or a combination of the two enabled a rapid establishment 
of a large population (between 10  ^ and lO^cfu/g) of phenanthrene degraders in the 
soil. Establishment of phenanthrene degraders was slightly slower for soils treated 
with iron filings alone but reached the same levels as those treated with charcoal or 
charcoal combined with iron filings approximately 18 days after amendment. This
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slower establishment of phenanthrene degrading populations in soil treated with iron 
filings was probably due to the high leachable iron levels observed at the beginning of 
the experiment. A decrease in the phenanthrene degrader population observed from 
approximately day 28 in the charcoal treated soil could have resulted in a lower 
overall removal of the phenanthrene (65%) compared to the removal in soil treated 
with iron filings and charcoal (86%) and or treated with iron filings alone (82%). The 
reduction in the population size of phenanthrene degraders in soils treated with 
charcoal alone could be due to the low pH (< 4 at the end of the experiment) of the 
charcoal treated soil.
5.5.2, Phytotoxicity and Plant Uptake of Different Elements
Treatment of soil with charcoal or a combination of charcoal and iron filings enabled 
better growth of sunflower plants compared to plants that were sown in untreated 
Tamar soil. However, plant growth was by no means restored to the level of plants 
grown in uncontaminated sand. The pH of tlie treated soils remained well below the 
optimum for sunflower growth which is approximately between pH 6.0 and 8.5. 
Despite a more than 50% reduction in the amount of leachable copper and arsenic 
achieved by treatment with iron filings alone, poor growth and survival of sunflowers 
was observed in this soil. There are two possible reasons for this; firstly, changes in 
the soil structure caused by the iron treatment eaused the soil particles to become 
cemented together, secondly, the initial high levels of leachable iron at the time of 
seeding (10 days after amendment) could have caused toxicity to the plant. Therefore, 
seeding after leachable iron levels returned to control levels (after 28 days) could 
prove more effective. High uptakes of other metals such as nickel, cliromium, 
manganese and cobalt in the plants that grew in the charcoal and iron treated soil (and 
the plant that grew in the iron treated soil) compared to plants that grew in soil treated 
with charcoal only, could indicate the presence of contaminants in the iron filings 
(Bes & Mench 2008). Therefore, care must be taken in the use of zero valent iron in 
the treatment of contaminated land to prevent the addition of more contaminants.
Soil treated with either charcoal or charcoal and iron produced plants of a similar 
biomass and exhibited the same symptoms of phytotoxicity on a similar timescale. 
These are likely due to the levels of metal uptake such as iron and copper which are
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excessive (Manitoba Agriculture Food and Rural Initiatives 2009). The addition of 
iron to the charcoal treatment reduced arsenic uptake by approximately 2 fold; the 
same magnitude as observed in leachable arsenic levels. Despite lower copper 
leaching levels observed in the charcoal and iron treated soil, plant copper uptake was 
approximately the same for plants that grew in either the charcoal or the charcoal and 
iron treated soils. This suggests that while the copper is not regarded as leachable by 
the method used, it is still bioavailable and as such leachability tests can be a poor 
indicator of uptake by plants.
The higher potassium levels noted in the plants that had grown in either the charcoal 
or the charcoal and iron treated soil compared to plants grown in sand are likely due 
to the release of potassium from the chaicoal (Wingate 2008). Wingate found that 
nettle charcoal contained up to 10 OOOmg/kg K which was displaced rapidly by heavy 
metal ions when the charcoal was placed in a solution of heavy metals. Similarly Ca, 
Mg and Na ions present in the charcoal are displaced by heavy metals, but at a slower 
rate. As such, it has been suggested that charcoals with high mineral contents have 
potential as soil fertilisers (Chan & Xu 2009).
Plant tissue phosphate levels were low in plants that had grown in contaminated 
Tamar soil treated with either charcoal or charcoal and iron treated soil compared to 
plants that had grown in non-contaminated sand. Since arsenate and phosphate ions 
have similar chemistry, this is possibly due to interference of phosphate uptake by 
arsenate anions. These low phosphate levels add to the toxicity seen in the plants.
5.5.3. Charcoal and Iron Filings for the Treatment of Soil with Mixed Contamination
While none of the treatments tested here completely stopped metal or arsenic leaching 
or prevented phytotoxicity, success should be considered in terms of a number of end 
goals. Firstly a reduction in metal and arsenic leaching, secondly degradation of 
organic contaminants, thirdly the ability to re-vegetate the site and therefore stabilise 
the soil and finally a reduction in plant metal and arsenic uptake.
Charcoal treatments effectively reduced copper and iron leaching but had no effect on 
arsenic mobility. Iron filings reduced copper and arsenic leaching but caused toxicity
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from the high initial leachable iion levels and changes to the soil structure impacting 
negatively on plant growth. A combination of both charcoal and iron effectively 
reduced copper, iron and arsenic leaching although possible contaminants in the iron 
filings need to be considered. However, no treatment completely stopped arsenic 
leaching.
In terms of degradation of organic contaminants, all treatments were successful. 
Treatment with charcoal alone had a lower rate of phenanthrene removal, possibly due 
to low pH or arsenic toxicity and therefore would require a longer remediation time 
than soils amended with either iron filings or a combined treatment with charcoal and 
iron. Both treatments with iron filings or a combination of charcoal and iron filings 
were highly effective resulting in the degradation of more than 80% of the added 
phenanthrene within 2 months.
In terms of establishing plant cover on the site to stabilise the soil, treatment with 
charcoal or charcoal and iron would be recommended since both treatments enabled 
growth of sunflowers. While neither treatment resulted in the same levels of biomass 
as an unpolluted soil, plant growth was possible. Careful selection of plant species 
that are able to tolerate low soil pH and do not accumulate high levels of metals 
would allow re-vegetation of the site to occur. Uptake of metals and arsenic by the 
sunflowers was not completely prevented, but the combined charcoal and iron 
treatment more than halved arsenic uptake by the sunflower plants. However, care 
needs to be taken with the source of iron filings to prevent increases in the level of 
other toxic elements such as nickel. Charcoal treatment raises the possibility of use in 
phytoremediation which would enable removal of metals and arsenic from the site. It 
improved the pH of the soil and reduced metal leaching enough to enable plant 
growth. It also has the added benefit of being a source of potassium. Charcoal 
amendment did not affect arsenic bioavailability, so selection of plants that can 
hyperaccumulate arsenic and metals would enable their removal. However, the 
timescales involved in phytoremediation can run into hundreds of years and therefore 
can be practically unfeasible.
With all treatments involving soil amendments, tlie possibility of a ‘rebound’ effect 
over the long-term needs to be considered. While leachable metal and arsenic levels
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were reduced by the amendments, a large pool of metals remains in the soil, which 
while, non-leachable, may remain bioavailable. Also a gradual release from the pool 
into the leachable fraction could in time saturate the capacity of the amendments to 
sorb them. Therefore, longer term tests need to be carried out.
5.6. Conclusions
Treatment of a soil contaminated with a mixture of heavy metals, arsenic and 
phenanthrene with charcoal, iron filings or a combination of charcoal and iron filings 
was effective at enabling phenanthrene degradation to take place. Charcoal was 
effective at reducing metal leaching and enabled sunflower growth but had no 
significant effect on arsenic mobility. Iron treatment reduced copper and arsenic 
leaching but had a negative impact on soil structure and released high levels of iron 
which prevented plant growth. Treatment witli a combination of charcoal and iron 
filings reduced copper and arsenic leaching and enabled plant growth, but increased 
uptake of some metals by the plants indicating possible contamination of iron filings 
with these heavy metals.
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Chapter 6
Use of Inoculated Charcoal for Remediation of a 
Metal and Phenanthrene Contaminated Soil
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6.1. Introduction
The addition of a microbial population to an oil polluted soil is often not necessary 
since the indigenous populations will usually adapt and increase rapidly in response to 
the influx of hydrocarbons, provided sufficient nutrients are available (Krumholz et al. 
1998, Vidali 2001, Bamforth & Singleton 2005). However, in cases where the 
concentration of toxic and recalcitrant PAHs is high or where inhibiting co­
contaminants such as heavy metals aie present, resulting in a lack of hydrocarbon 
degraders, bioaugmentation may be advantageous (Mueller et al. 1998). Sites 
contaminated with metals and organics are a complex problem since metals are toxic 
to the soil microbial community and therefore prevent the growth of sufficient 
numbers of microbes for remediation of organic contaminants on the site. Chapter 5 
demonstrated that the removal of metal toxicity by the addition of 1% w/w nettle 
charcoal was effective at restoring microbial activity to the soil, allowing 
phenanthrene degradation to take place when uncontaminated soil was added as a 
source of microorganisms. Since phenanthrene degrading populations in untreated 
soil were undetectable, it was hypothesised that the addition of a large population of 
phenanthrene degraders would be more effective at decreasing remediation times 
compared to addition of a mixed population that need time to adapt or by relying on 
the indigenous microbial populations, which need time to grow.
Bioaugmentation is often ineffective due to the failure of added microorganisms to 
adapt to the soil conditions and/or compete effectively with the indigenous microbial 
populations in the soil. As discussed in 1.3.3.1. microorganisms immobilised on 
various matrices have been used successfully in bioremediation trials for hydrocaibon 
contaminants both in the laboratory and in the field. Chapter 4 demonstrated that 
charcoal has potential as a microbial carrier for use in bioremediation onto which a 
population of hydrocarbon degraders can be established, providing protection from 
metal toxicity. Therefore, this trial uses inoculated charcoal to bioaugment the soil 
with phenanthrene degrading communities.
6.2. Aims
This chapter aims to determine whether bioaugmentation is advantageous in soils with 
metal and phenanthrene co-contamination. The efficacy of charcoals inoculated with 
cultures enriched on phenanthrene to provide a large population of specific 
phenanthrene degraders is compared to inoculation with microbial consortia found in 
non-contaminated soil and to non-inoculated systems that rely on the growth and 
activity of the indigenous soil organisms to degrade the phenanthrene.
6.3. M aterials and Methods
Sweet chestnut charcoal and nettle charcoal were prepared as described in 2.1.1. with 
particle sizes of l-4mm and <500pm respectively. Phenanthrene degraders were 
enriched on sand as described in 2.2.2. and charcoal was inoculated as described in
2.2.2.2. The size of the phenanthrene degrading bacterial community on charcoal was 
measured as described in 2.2.2.B.
Metal contaminated soil was collected from a mine spoil heap in the Tamar Valley, 
sieved to <4mm and spiked with phenanthrene at 1 OOOmg/kg as described in 2.3.1. 
Metal contaminant levels and soil characteristics are given in Chapter 5, Table 5.1. 
Four microcosms of each treatment were prepared as described in 2.3.3 in 400ml plant 
pots. Treatments were applied at a 1% w/w application rate and are given in table 6.1. 
Nettle charcoal (N) was chosen to treat metal toxicity, inoculated charcoal (I) was 
added to the soil to provide a community of phenanthrene degraders, soil (S) was 
added as a source of non-specific soil microbes and sweet chestnut charcoal (SWC) 
was included in treatments to establish any effects of the microbial carrier itself. 
Untreated soil was used as a control (C).
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Table 6.1. Microcosm soil treatments (•) . C - control, N - nettle charcoal, S - soil, I - inoculated charcoal, SWC - sweet chestnut 
charcoal. An application rate o f 1% w/w was used for all amendments.
Nettle
Charcoal
(<500|am)
Soil Inoculatedcharcoal
Sweet chestnut 
chaicoal 
(l-4mm)
c - - - -
N • - - -
N+S • • - -
S - • - -
I - - • -
I+N # - • -
SWC - - - •
SWC+N • - - •
SWC+S - # - •
SWC+N+S • * - •
Microcosms were incubated in a randomised pattern at 25°C for 28 days. Moisture 
content was maintained at 60% water holding capacity as calculated in 2.3.2 by daily 
weight adjustment with water. Samples to assess the number of phenanthrene 
degraders in the different treatments were taken every 3 to 4 days as described in 
2.3.5. Samples of approximately 20g soil to quantify phenanthrene concentrations 
were taken on day 1 and 28 and stored frozen at -5“C until analysis. Extraction and 
analysis of phenanthrene concentration was carried out as described in 2.3.7. Soil pH 
and leachable copper were measured on day 28 as described in 2.3.4. and 2.3.6. 
respectively.
On day 28, inoculated charcoal was recovered from the remaining soil in the 
microcosms and the phenanthrene degrader populations surviving on the charcoal 
were quantified as described in 2.2.2.3.
Statistical analyses were carried out using GraphPad InStat version 3.05 (GraphPad 
Software, USA). Data were compared using a one-way ANOVA with a Tukey- 
Kramer post-hoc test to test for significance between individual treatments. Microbial 
counts were logged to normalise before analysis. A significance level of P<0.05 was 
used throughout.
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6.4. Results
The population of phenanthrene degraders on inoculated charcoal before addition to 
the soil was found to be 4.8 x lO^cfu/g (Table 6.2). After 28 days in the soil 
environment the number of phenanthrene degraders on the inoculated chaicoal 
particles were found to be 2.0 x lO'^cfu/g when inoculated charcoal was added to the 
metal contaminated soil without addition of nettle charcoal (I) and 1.8 x lO^cfu/g 
when inoculated charcoal was added to the soil in combination with nettle charcoal 
(I+N). The addition of inoculated charcoal resulted in an initial population size of 
phenanthrene degraders of approximately 3.2 x lO^cfu/g in the soil (I and I+N) 
(Figure 6.1). In all other soil treatments, initial phenanthrene degrader populations 
were undetectable. A rapid increase in the population was observed over the first 
week in treatments that contained both nettle charcoal and a source of microbes (N+S, 
I+N and SWC+N+S). Slower population growth rates were observed for treatments 
containing nettle charcoal without the addition of microbes (N and SWC+N). In these 
treatments it took approximately 3 weeks longer for the population of phenanthrene 
degraders to reach the same levels as for treatments that contained both nettle and a 
microbial inoculum. Phenanthrene degraders in soil treatments that did not contain 
nettle charcoal (C, S, I, SWC and SWC+S) failed to establish and remained virtually 
undetectable throughout the 28 day experiment. The initial populations of 
phenanthrene degraders introduced using the inoculated charcoal without the addition 
of nettle charcoal (I) decreased rapidly after day 1.
Table 6.2. Population size of phenanthrene degraders on inoculated sweet chestnut charcoal on day 1 and 28 days after addition 
to metal contaminated soil (I) or as a co-amendment with nettle charcoal (I+N). Results are shown as mean log cfu/g (standard 
error o f the mean). N = 4.
Day 1 Day 28I I+N
Phenanthiene
Degraders 5.68 (0.07) 4.30 (0.41) 8.26 (0.06)
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Figure 6.1. Population dynamics o f phenanthrene degraders in metal contaminated soil that received the following treatments at 
1% w/w amendment rates: C -  control, N -  nettle charcoal. S -  non-contaminated garden soil. 1 -  inoculated charcoal. SWC -  
sweet chestnut charcoal. All soils were spiked with 1 OOOmg/kg phenanthrene. Results are shown as mean log cfu/g ± standard 
error of the mean. N = 4. Minimum detection limit of phenanthrene degraders was log 125 cfu/g =2.10.
Both nettle charcoal and a source of phenanthrene degraders were required to achieve 
phenanthrene degradation in the soil (N+S, I+N, SWC+N+S) (Figure 6.2). Without 
both these treatments, phenanthrene removal of around 10% or less was observed. 
The highest level of removal of 52% was observed in the treatment in which sweet 
chestnut charcoal, nettle charcoal and garden soil (SWC+N+S) were used, followed 
by 40% removal in the treatment with inoculated charcoal and nettle charcoal (I+N). 
Phenanthrene removals in these two treatments were significantly greater than all 
other treatments except that in which nettle charcoal and garden soil (N+S) was 
applied, leading to 28% removal.
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Figure 6.2. Percent phenanthrene removed over a 28 period from metal contaminated soil that received the following treatments 
at 1 % w/w amendment rates; C -  control. N -  nettle charcoal, S -  non-contaminated garden soil, 1 -  inoculated charcoal, SWC -  
sweet chestnut charcoal. All soils were spiked with 1000 mg/kg phenanthrene. Results are shown as mean ± standard error o f the 
mean. N = 4
All treatments containing nettle charcoal significantly reduced copper leaching 
compared to treatments without the addition of nettle charcoal (Figure 6.3). 
Amendment of metal contaminated soil with clean garden soil (S) significantly 
reduced copper leaching by 20% compared to the untreated soil (C). Inoculated 
charcoal (I) or sweet chestnut charcoal (SWC) had no significant effect on copper 
leaching compared to the untreated soil (C). Amendment of metal contaminated soil 
with clean garden soil together with sweet chestnut charcoal (SWC+S) reduced 
leaching of copper significantly by 45% compared to the control (C). Similarly, 
addition of nettle charcoal together with sweet chestnut charcoal and garden soil had 
an additive effect on the reduction of copper leaching to the extent that there was no 
leachable copper in the treatment that received SWC+N+S.
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Figure 6.3. Leachable copper after 28 days from metal contaminated soil that received the following treatments at 1% w/w 
amendment rates; C -  control, N -  nettle charcoal, S -  non-contaminated garden soil, I -  inoculated charcoal, SWC -  sweet 
chestnut charcoal. Results are shown as mean ± standard error of the mean. N = 4.
The pH of the control soil and those amended with sweet chestnut charcoal or soil was 
low (pH 3.29 -  pH 3.41) (Table 6.3). All treatments involving nettle charcoal 
significantly increased the soil pH by at least 0.6 units to a pH > 4. The addition of 
inoculated charcoal (I) had no significant effect on the soil pH. In combination, soil 
treatments had additive effects on the soil pH with N+S raising pH to 4.20 and 
SWC+N+S increased pH to 4.29, both of which were significantly more than 
amendments with just nettle charcoal (N), which had a pH of 4.01.
Table 6.3. Soil pH 28 days after treatment at 1% w/w amendment rates. C -  control, N -  nettle charcoal, S -  garden soil, I -  
inoculated charcoal, SWC -  sweet chestnut charcoal. Results are shown as mean (standard error o f the mean). N = 4.
pH
c 3.29 (0.01)
N 4,01 (0,05)
N+S 4.20 (0.05)
S 3,38 (0.02)
I 3,33 (0.01)
I+N 4.14(0.03)
SWC 3.37 (0,02)
SWC+N 4.15(0.04)
SWC+S 3.41 (0.01)
SWC+N+S 4,29 (0,03)
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6.5. Discussion
All treatments containing nettle charcoal (N, N+S, I+N, SWC+N, SWC+N+S) were 
effective at reducing copper leaching and raising the soil pH as anticipated from 
Chapter 5. As a result, all treatments containing nettle charcoal enabled tlie growth of 
phenanthrene degrading populations whilst in those without nettle treatment, 
leachable metals remained at a level that inhibited microbial growth. For degradation 
of phenanthrene to take place within the 28 day period, both metal detoxification 
(nettle charcoal, N) and a source of microbes was required, either from inoculated 
charcoal (I) or from a non-contaminated soil (S). Treatment of metal contaminated 
soil with nettle charcoal but without the addition of microbial populations still 
resulted in the growth of a phenanthrene degrading population, but several weeks 
were required for the phenanthrene degrading population to establish itself in high 
numbers. As a result, in treatments that were not inoculated with an external source 
of phenanthrene degraders little degradation of phenanthrene was observed.
Once soil can support a specific microbial community, the source and number of 
bacteria that are added seems to make little difference. In this experiment, 
amendment with nettle chaicoal was essential to remove metal toxicity, but 
inoculating with either inoculated charcoal or clean garden soil were equally effective, 
suggesting that in this situation inoculation with a specifically enriched inoculum was 
not necessary. High molecular weight PAHs (those with 4 or more rings), such as 
pyrene, are more persistent in the environment and the capacity to degrade them is 
generally slow to develop. In these situations the addition of an inoculum enriched to 
have the capacity to degrade those compounds may be successful at reducing 
remediation times. Therefore, the use of inoculated charcoals as a means to stimulate 
hydrocarbon degradation in contaminated soils needs further testing in soils that are 
contaminated with hydrocarbons that are more difficult to degrade by the indigenous 
populations.
Sweet chestnut charcoal has a low capacity to sorb metal ions (as demonstrated in 
Chapters 3). As a result, sweet chestnut charcoal treatments had little effect on soil 
leachable copper levels and also had only a small effect on soil pH. Therefore with 
treatments containing sweet chestnut charcoal without nettle charcoal (SWC, SWC+S,
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I), no increase in the number of phenanthrene degrading bacteria was observed along 
with little degradation of phenanthrene. SWC+N+S proved the most effective soil 
treatment of those tested in this tiial. The combined effects of nettle charcoal with 
smaller contributions from sweet chestnut charcoal and soil on leachable copper levels 
and soil pH along with the provision of a diverse microbial community provided the 
best conditions for phenanthrene degradation. The addition of granular sweet 
chestnut charcoal, may have had an additional benefit of increasing soil aeration to 
further improve soil conditions in the SWC+N+S treatment compared to the N+S 
treatment, in which approximately half the amount of phenanthrene was removed. 
Similar results to treatment with SWC+N+S could probably be achieved by increasing 
the rate of nettle charcoal application in the N+S treatment, since this would have 
resulted in a further decrease of copper leaching and a raise of the soil pH.
Survival of phenanthrene degraders within inoculated charcoal particles after 28 days 
in the soil environment, without the presence of nettle charcoal (1) and therefore high 
leachable metal levels, demonstrated the efficacy of charcoal to protect tlie bacteria 
within its structure, even in conditions in which these bacteria are unable to grow.
6.6. Conclusion
Nettle charcoal applied to soil at a 1% w/w application rate was effective at reducing 
metal toxicity in a metal and phenanthrene contaminated soil and raised soil pH, 
enabling phenanthrene degrading populations to grow. Both metal detoxification and 
a source of microbes were required to get significant phenanthrene removal within 28 
days. Without the addition of a microbial population, several weeks were required 
before numbers of phenanthrene degraders increased to a level compaiable to 
inoculated systems. Inoculation with a non-enriched population taken directly from 
uncontaminated soil was as effective at phenanthrene removal as a population 
enriched on phenanthrene before addition to the soil. Further testing is required on a 
range of organic contaminants to determine if an enriched inoculum can be u s e ^ o  
target more persistent compounds such as pyrene. Survival of phenanthrene 
degraders on inoculated charcoal particles within the soil demonstrates the efficacy of 
charcoal as a microbial caixier that offers protection even if the wider soil 
environment is toxic to the inoculum.
96
Chapter 7
Remediation of Metal and Hydrocarbon 
Contaminated Soil using Bacterial Communities 
Enriched on Different Hydrocarbon Substrates
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7.1. Introduction
Chapter 6 demonstrated that both removal of metal toxicity (by the addition of nettle 
charcoal) and a source of microbes were required for phenanthrene degradation to 
occur rapidly within a soil with both metal and phenanthrene contamination. 
However, a non-specific microbial community taken directly from a non- 
contaminated soil was as effective at degrading phenanthrene as one previously 
enriched on phenanthrene to give a more specific community of phenanthrene 
degraders. Soils are rarely contaminated wiüi a single compound but a mixture of 
hydrocarbons. As a general rule petroleum components follow a sequence of 
decreasing biodegradeability; n-alkanes> branched-chain alkanes> branched alkenes 
> low molecular weight n-alkyl aromatics > monoaromatics > cyclic alkanes > PAH’s 
»  asphaltenes (Van Hamme et al. 2003). High molecular weight PAHs with four or 
more rings, such as pyrene, are more persistent in the environment than those with 
two or three rings, largely because of their lower aqueous solubility. As a result PAH 
bioavailability decreases with molecular mass and fewer organisms possess the 
capacity to metabolise them (Johnsen et al. 2005). In a soil contaminated with a range 
of organic contaminants, easily degradable compounds are metabolised first and the 
capacity to degrade heavier compounds like pyrene can be slow to develop. In these 
situations, bioaugmentation with microorganisms enriched to have the capacity to 
degrade more persistent compounds may offer an advantage and reduce remediation 
times by removing the lag time in which the degradation capacity develops.
Previous research has found that bioaugmentation with defined strains is less effective 
than using mixed consortia, even if those defined strains theoretically have the 
capacity to degrade all the PAHs present (Boonchan et al. 2000, Bouchez et al. 1999, 
Jacques et al. 2008). Boonchan et al. concluded that this was due to mixed soil 
consortia containing a wider variety of strains that can mineralize a range of 
compounds and which compensate for possible inhibition caused by co-contaminants 
and metabolites that would inhibit single organisms. Therefore this trial, rather than 
isolating defined strains, uses soil cultures that have been enriched from soil on 
different hydrocarbon substrates (phenanthrene, pyrene and diesel) to produce three 
different inoculated charcoals with presumed different capacities to degrade a range of 
hydrocarbons.
7.2. Aims
This chapter examines the efficacy of inoculated charcoal in a soil contaminated with 
metals, diesel, phenanthrene and pyrene. The aim is to reduce remediation times of 
all organic contaminants within the soil and determine if cultures can be enriched and 
selected to target more persistent compounds such as pyrene. It is hypothesised that 
the community of bacteria enriched on diesel would be better at degrading diesel 
hydrocarbons, the one raised on phenanthrene would be better at degrading 
phenanthrene and the one enriched on pyrene is expected to degrade pyrene more 
effectively. It is further hypotliesised that an inoculum enriched on pyrene would be 
the most beneficial in terms of significantly speeding up remediation of a mixture of 
hydrocaibons since it should target the most persistent organic pollutant.
7.3. Materials and Methods
Sweet chestnut and nettle charcoal were prepared as described in 2.1.1. with particle 
sizes of l-4mm and <500pm respectively. Phenanthrene, pyrene and diesel degrading 
microbial communities were enriched as described in 2.2.2. Sweet chestnut charcoal 
was inoculated with these communities as described in 2.2.2.2. to give 3 different 
inoculated charcoals; phenanthrene enriched, pyrene enriched and diesel enriched. 
Inoculated charcoal using microbes taken directly from uncontaminated soil was also 
prepared using the supernatant from 50g soil suspended in 250ml basal salts, along 
with a sterile sweet chestnut charcoal soaked in basal salts (as prepared in 2.2.2.1.). 
The number of phenantlirene, pyrene and diesel degrading organisms on die different 
inoculated charcoals was determined as described in 2.2.2.3. and 2.2.2.4.
Metal contaminated soil was collected from a mine spoil heap in the Tamar Valley, 
sieved to a particle size of <4mm and spiked with 1 OOOmg/kg phenanthrene, 
1 OOOmg/kg pyrene and 10 OOOmg/kg diesel as described in 2.3.1. Metal contaminant 
levels and soil characteristics are given in Chapter 5, Table 5.1. Four microcosms of 
each treatment were prepared as described in 2.3.3 in 400ml plant pots. Nettle 
charcoal was applied to reduce metal toxicity at a 1% w/w application rate. 
Inoculated charcoals were applied in different combinations as described in Table 7.1. 
to give a total application rate of 1% w/w charcoal on a dry weight basis.
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Table 7.1. Soil treatments and application rates (% w/w). Sterile -  sterile sweet chestnut charcoal with basal salts, Phenanthrene, 
Pyrene, Diesel -  indicate the hydrocarbon used as microbial enrichment substrate, Soil -  microbial community taken from non- 
contaminated soil.
Treatment Nettlecharcoal
Microbial community on inoculated charcoal
Sterile Phenanthrene Pyrene Diesel Soil
Control - - - - - -
Sterile 1 1 - - - -
Phen 1 - 1 - - -
Pyr 1 - - 1 - -
DRO 1 - - - 1 -
Phen/Pyr 1 - 0.5 0.5 - -
Phen/Pyr/DRO 1 - 0.33 0.33 0.33 -
Soil 1 - - - - 1
Microcosms were incubated in a randomised design at 25°C for 28 days. Moisture 
content of the soil was maintained at 60% water holding capacity as calculated in
2.3.2. by daily weight adjustment with water. Soil samples for phenanthrene, pyrene 
and diesel degraders in soil were taken every 3 to 4 days as described in 2.3.5. Soil 
samples for extraction for total petroleum hydrocarbons (TPH) (C10-C40), 
phenanthrene and pyrene content were taken on day 1 and day 28 and stored frozen at 
“5”C until analysis. Extraction and analysis of soil hydrocarbon levels were canied 
out by NRM laboratories (Bracknell, Berks).
Statistical analyses were carried out using GraphPad InStat version 3.05 (GraphPad 
Software, USA). Data were analysed using a one-way ANOVA followed by a Tukey- 
Kramer post-hoc to test for significant differences between treatments. Microbial 
counts were log-transformed to normalise before ANOVA. A significance level of 
P<0.05 was used throughout.
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7.4. Results
Inoculated charcoal produced using microbial communities taken directly from non- 
contaminated soil contained significantly fewer organisms capable of degrading 
diesel, phenantlirene and pyrene than those produced using communities extracted 
from soil enriched with hydrocarbons (Figure 7.1). The microbial community taken 
from non-contaminated soil was found to contain significantly more organisms that 
could utilize diesel than ones that could metabolise phenanthrene or pyrene. 
Communities that had been enriched on either phenanthrene or pyrene were found to 
contain large numbers of organisms capable of growing on diesel, phenanthrene and 
pyrene (>10^cfu/g) with no significant differences between the microbial communities 
present on these charcoals. Communities enriched on diesel contained a large number 
of diesel and phenanthrene degraders (2.57 x 10  ^and 5.01 x lO^cfu/g respectively) but 
significantly lower numbers of bacteria capable of growing on pyrene (1.45 x 
lO^cfu/g). No microbes capable of degrading diesel, phenanthrene or pyrene were 
detected on the sterile charcoal.
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Figure 7.1. Number o f diesel degraders (determined using MPN), phenantlirene degraders and pyrene degraders (determined 
using spray plates) on sweet chestnut charcoal inoculated witli microbial communities enriched on either diesel, phenanthrene or 
pyrene or from non-contaminated soil without enrichment. Results are shown as mean log cfu/g charcoal ±  standard error o f the 
mean, N=4.
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Figure 7.2. Population dynamics o f (a) diesel degraders (determined using MPN). (b) phenanthrene degraders and (c) pyrene 
degraders (determined using spray plates) in metal contaminated soil spiked with 10 OOOmg/kg diesel, l(XK)mg/kg phenanthrene 
and 1 OOOmg/kg pyrene over a 28 day period. Control -  no amendment. Treatments were 1% w/w nettle charcoal and inoculated 
charcoal at a total of 1 % w/w amendment rate where; Sterile - sterile sweet chesmut charcoal with basal salts; Phen - charcoal 
inoculated with microbial community enriched on phenanthrene; Pyr - charcoal inoculated with microbial community enriched 
on pyrene; DRO - charcoal inoculated with microbial community enriched on diesel range organics; Soil -  charcoal inoculated 
with microbial community taken from non contaminated garden soil. Results are given as mean log cfu/g ± standard error of the 
mean. N=4. Minimum detection limits were 2.10 log cfu/g for phenanthrene and pyrene and 2.27 for diesel degraders.
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Populations of diesel, phenanthrene and pyrene degrading organisms failed to 
establish in the control soil and numbers were generally below the minimum detection 
limit (Figure 7.2). In soil tieated with nettle charcoal and sterile sweet chestnut 
charcoal (Sterile), populations of diesel and phenanthrene degrading organisms grew 
rapidly from day 3. Soils treated with all charcoals containing a degrading population 
(Phen, Pyr, DRO, Phen/Pyr, Phen/Pyr/DRO and Soil) showed rapid growth of diesel 
and phenanthrene degrading populations from day 1 (Figure 7.2a and b). By day 10, 
no differences between the inoculated charcoals and the sterile charcoal treatment 
could be observed for diesel and phenanthrene degrading populations. Pyrene 
degrading populations could be detected in soils that were amended with charcoals 
inoculated with communities enriched on phenanthrene (Phen) or pyrene (Pyr) and 
their combination treatments (Phen/Pyr, Phen/Pyr/DRO). Populations of pyrene 
degraders in these inoculated soils did not increase, but stabilised at around 10“^ cfu/g 
(Figure 7.2c). In control soils and soils amended with sterile charcoal, charcoal 
inoculated with clean garden soil or with a community enriched on diesel (DRO) the 
number of pyrene degraders remained in most cases below the detection limit over the 
duration of the experiment.
Inoculation of metal contaminated soil with sterile sweet chestnut charcoal, charcoal 
inoculated with a microbial community enriched on phenanthrene (Phen) and charcoal 
inoculated with a microbial community enriched on pyrene (Pyr) were found to 
significantly increase TPH removal compared to the control treatment, while in the 
remaining treatments, DRO, Phen/Pyr, Phen/Pyr/DRO and Soil, TPH removal was not 
significantly different compared to the control soil (Figure 7.3). All charcoal 
treatments significantly increased phenanthrene removal (51-79% phenanthrene 
removal) compared to tlie control soil (18% phenanthrene removal). There were no 
significant differences in phenanthrene removal between the different charcoal 
treatments. Pyrene removal in all treaments was generally low with large variations 
in removal percentages between different treatments and replicates. No significant 
differences in pyrene removal were detected between any of the treatments.
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Figure 7.3. Percentage removal of total petroleum hydrocarbons (Cio - C 4 0 )  (TPH), phenanthrene and pyrene from soil over 28 
days. Control -  no amendment. Treatments were 1% w/w nettle charcoal and inoculated charcoal at a total o f 1% w/w 
amendment rate where; Sterile - non-inoculated sweet chestnut charcoal with basal salts; Phen - charcoal inoculated with 
microbial community enriched on phenanthrene; Pyr - charcoal inoculated with microbial community enriched on pyrene; DRO - 
charcoal inoculated with microbial community enriched on diesel range organics; Soil -  charcoal inoculated with microbial 
community taken from non contaminated garden soil. Results are shown as mean ± standard error o f the mean, N = 4,
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7.5. Discussion
Diesel consists of a range of components, most of which (60-90%) are saturated 
hydrocarbons in the C 12-C20 range. A smaller proportion (10-40%) of aromatic 
compounds is also present, the most predominant of which are naphthalenes (2 rings) 
with lower levels of 3 ring PAH’s such as phenanthrene (Farrell-Jones 2003, Mi et al. 
2000). With only trace levels of pyrene present in the diesel, the microbial population 
enriched on diesel contained few organisms capable of growing on pyrene either due 
to lack of metabolic capability or due to toxicity caused by high levels of pyrene. 
Hydrocarbon metabolism occurs via oxidation followed by gradual breakdown of 
carbon-carbon bonds (Van Hamme et al. 2003, Peng et al. 2008, Johnsen et al. 2005). 
After initial brealcdown, pyrene metabolism can proceed via the phenanthrene 
pathway. Enrichment of populations on single PAH substrates (phenantlirene or 
pyrene) as the sole carbon source produced populations with the capacity to grow on 
either hydrocarbon, probably due to the up-regulation of enzymes enabling the 
metabolism of PAHs.
As expected from previous trials, little removal of phenanthrene or pyrene was 
observed in the control soil in which high leachable metal levels cause toxicity and 
prevent microbial growth. Metal toxicity appeared to be the main inhibitor of 
degradation of organic compounds in this soil. Losses of hydrocarbons due to 
volatilization are expected to have contributed to some of the loss off TPH, 
particularly in the C12-C20 range of which diesel mainly consists. Indigenous 
organisms rapidly adapted to phenanthrene and diesel, once metal toxicity was 
removed using nettle charcoal. Growth and adaptation of these indigenous organisms 
to phenanthrene was more rapid than was observed in the experiments presented in 
Chapter 6 (approximately 15 days to reach maximum numbers compared to 25 days 
as presented in Chapter 6). This was probably due to the higher total concentration of 
carbon substrates in the experiment presented here (12 OOOmg/kg compared to 
1 OOOmg/kg in the experiment presented in Chapter 6) and the presence of more easily 
degradable hydrocarbons, such as n-alkanes and branched alkanes, that are present in 
diesel. The diesel, may also have acted to solublilise the PAHs thereby increasing 
their bioavailability.
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Ill both control soils and soils treated with inoculated charcoals, pyrene removal was 
low and populations capable of growing on pyrene as a sole carbon source did not 
increase even when added to the soil on inoculated charcoal at initial levels of 
approximately lO^cfu/g soil. Pyrene has a water solubility that is approximately 10 
times less than that of phenanthrene making it less available to microbes in the soil. 
The presence of more available and preferred substrates for the microbial population, 
such as saturated hydrocarbon components of diesel and phenanthrene means that 
they are degraded more readily.
Large variability in percent soil pyrene removal between treatments and replicates 
along with the relatively short timescale of this tiial meant that there were no 
significant effects on pyrene removal caused by the different treatments. A longer 
term experiment may have demonstrated some differences in efficacy between the 
different treatments in removing pyrene. As the availability of alternative substrates 
decreases, the addition of a pyrene degrading population may be of advantage as it 
can take a long period of time before indigenous microbial populations capable of 
degrading pyrene build up to levels that have an impact. It is not clear if the limiting 
factor for pyrene degradation in soil is determined by the number of pyrene degraders 
that are inoculated or by the lack of bioavailability of pyrene in soil. Higher charcoal 
populations of microorganisms with the capacity to degrade pyrene may have been 
advantageous but in this trial the population of pyrene degrading organisms remained 
at around lOVfu/g suggesting a lack of pyrene bioavailability. On the other hand, 
diesel and phenanthrene degrading organisms increased rapidly in the different 
treatments and peaked between 10  ^ and lO^cfu/g suggesting the presence of a readily 
available substrates for these organisms to grow on.
7.6. Conclusions
Metal toxicity is the main inhibitor to organic degradation in this soil. Once metal 
toxicity is removed indigenous microbial populations rapidly recover. Populations of 
organisms capable of degrading pyrene as a sole cai'bon source did not increase when 
added to the soil on a charcoal carrier, nor did they emerge from the indigenous 
population. No differences were observed in the efficacy of cultures enriched on
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different substrates in the bioremediation of soil contaminated with both hydrocarbons 
and heavy metals.
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8. Discussion
Bioremediation can be a cost effective method to remediate soil contaminated with a 
variety of organic pollutants with the advantage that contaminants are degraded to 
innocuous end products and therefore completely removed from the system. 
However, for bioremediation to be effective there are several conditions that need to 
be met, including;
1. Suitable soil conditions including the presence of sufficient nutrients, electron 
acceptors, near neutral pH and absence of microbially toxic substances.
2. The existence of a degradation pathway by which microorganisms can break 
down the compounds
3. Organic contaminants must be available and accessible to degrading 
organisms.
The work in this thesis has investigated the use of charcoals in bioremediation
focussing on two aspects specifically for sites contaminated with both metal and
hydrocarbon contamination. Firstly, the removal of inhibitory metal toxicity by 
immobilisation on highly metal sorbent charcoals and secondly, by enhancing the 
degradative capacity within the soil by means of bioaugmentation with degrading 
microbial communities carried on charcoal particles. The immobilisation of metals 
using charcoal, the use of charcoal as a microbial earner and the challenges of 
selecting suitable degrading microorganisms have wider applicability in land 
remediation and are not limited to use on sites co-contaminated with metal and 
organic pollutants. These areas along with the potential impact of charcoal 
amendments on the bioavailability of organic compounds will be evaluated in the 
following sections.
8.1. Immobilisation of Heavy Metals using Charcoal Amendments
The addition of nettle charcoal at a 1% (w/w) application rate to a metal and
hydrocarbon contaminated soil was demonstrated in Chapter 5 to reduce metal 
toxicity and leaching over at least 56 days, enabling phenanthrene degradation and 
sunflower growth to take place. Nettle charcoal also improved the soil pH from an 
initial value of 3.35 to 3.91 at the end of the trial. Low levels of phenanthrene
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degradation in control soils with the addition of nutrients and garden soil, to provide a 
microbial inoculum, indicated that high levels of available metal cations are the 
limiting factor to bioremediation in the soil studied. Once this metal toxicity was 
removed by the addition of nettle charcoal, the microbial community was able to 
adapt and thrive within the soil. As such, the addition of specifically selected 
microbial communities was not necessary as demonstrated in the microcosm trial in 
Chapter 6.
For charcoal amendments to be used to immobilise metal contaminants, either as in- 
situ soil amendments or in reactive barrier systems to remove metals from 
groundwater, the mechanisms of their action, long term stability in the environment 
and operating constraints need to be established. For example, in the soil tested in 
Chapter 5, nettle charcoal was effective at increasing the soil pH from initial values of 
3.35 to 4.18 on day 1. Over the 56 day trial period, this pH gradually declined to 3.91 
in the nettle charcoal treated soil. At pH 4 many metal cations are highly mobile, 
therefore the ability of charcoal to reduce their leaching at this pH is very useful, but 
given the gradual decrease in pH over the trial period, the long term buffering 
capacity and ability of the charcoal to retain metal cations under these challenging 
conditions needs to be established (Alloway 1993).
The linear correlation found in chapter 3 between charcoal ash content and metal 
sorption capacity clearly demonstrates the key role of charcoal mineral content in 
metal sorption. As such ion exchange and (co)precipitation of metals with the 
charcoal minerals have been proposed as mechanisms by which metal immobilisation 
takes place (Wingate 2008). At present chaicoal minerals receive little attention in 
the literature and when studied it is usually in the context of their nutrient properties 
for plants and microbes. They are believed to occur as discrete phases that are 
separate from the caibon matrix and can include oxides, carbonates, phosphates and 
silicates (Amonette & Joseph 2009). Magnesium and manganese oxides exposed on 
the surface of an oak wood charcoal have been found to be largely responsible for its 
ability to sorb Pb(II) ions (Machida et al. 2005). Some charcoals, such as those made 
from poultry litter, have been found to contain high levels of carbonates which could 
remove metals by raising the pH and forming insoluble heavy metal carbonates (Chan 
& Xu 2009). Silicates can be present in high concentrations in charcoals produced
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from agricultural biomass, far more so than in those produced from wood charcoals 
and may contribute to their metal sorption capacity. For example rice straw charcoal 
has been reported to contain 170 OOOmg/kg Si while oak wood contains only 4200 
mg/kg (Amonette & Joseph 2009). Changes to the structure of feedstocks during the 
charring process have been studied using energy dispersive X-ray spectroscopy 
(Wornat et al. 1995). It was found that both K and Ca were interspersed within the 
carbon matrix, possibly ionically bound to oxygen in phenoxide groups, but also that 
K, Ca and Na can become intercalated with silicates to form discrete mineral phases. 
It is difficult to make long term stability predictions based on short-term laboratory 
tests and standardised leaching tests do not cover all the scenarios that may be 
encountered in the field including changes in pH, redox reactions and microbial 
action. However, an understanding of the composition and distribution of minerals 
within the charcoal particle should provide an insight into the mechanisms of metal 
sorption by charcoals. Since the chemistry of mineral phases in soils, in terms of their 
stability and reactivity is well established, this should enable realistic assessments of 
the stability of charcoal immobilised metals over time. Interactions between the 
charcoal carbon matrix and minerals may also have a role in stabilising mineral 
phases and should be considered.
Aside from the stability of the mineral phases in the charcoal, the physical stability of 
the charcoal particles themselves and the carbonaceous matrix should be considered. 
Charcoal particles can be lost from the soil in 3 ways; abiotic degradation, biotic 
degradation and erosion from the surface (Sohi et al. 2009). Charcoal is known to 
have general long term stability in the soil, hence its use in radiocarbon dating. 
However, this does not mean that charcoal is completely inert within the soil 
environment and some freshly made charcoals have been shown to be partially 
mineralised over timescales of 2 to 4 months, particularly in the presence of labile 
carbon which acts as a co-substrate (Hamer et al. 2004, Steinbeiss et al. 2009). 
However, microbial respiration was found to slow as time progressed and most 
evidence suggests that the outer layers of charcoal particles become oxidised over 
relatively short timescales (less than 5 years), while the underlying structure remains 
unchanged and stable over long periods (Lehmann et al. 2009).
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Charcoal particles inevitably breakdown over time due to abrasion and freeze-thaw 
cycles (Lehmann et al. 2009, Sohi et al. 2009). This will affect the stability of heavy 
metals sorbed on charcoal since particle fragmentation will expose more surfaces to 
chemical and biological processes. Degradability of charcoal has been suggested to 
depend on the feedstock biomass (Sohi et al. 2009). Wood chars which have a high 
carbon content (70-90%) and low ash content are expected to be more stable than 
non-wood chars, such as those produced from agricultural biomass or the nettle 
charcoal used in this study. These have a lower carbon content (<60%) and contain 
more minerals and nutrients making them a more attractive microbial substrate. Non­
wood charcoals are also physically weaker than wood chars and therefore are more 
susceptible to particle breakdown. At present, there is insufficient data to establish 
the long term stability of charcoals exposed to different soil environments and 
climatic conditions (Sohi et al. 2009).
Aside from the stability of immobilised metals on charcoal, the soil conditions in 
which they can be used effectively needs to be established so that suitable sites can be 
identified. The soil used in this study was sandy, with little organic matter (0.9%) 
(Wingate 2008). As a result, the bioavailable metals were more likely to exist as free 
metal cations. In soils with a high organic matter, metals can be complexed to organic 
matter. If this organic matter is soluble, then the metals are leachable and potentially 
bioavailable, but not as free cations in the soil solution. Since complexed metals will 
react differently to free metal cations this is likely to affect the ability of charcoals to 
immobilise them. Therefore charcoal amendments are likely to have reduced efficacy 
in metal contaminated soils with a high content of soluble organic matter. The 
reduction in metal sorption capacity noted in Chapter 4 following inoculation of wood 
charcoals with P. fluorescens, suggests that charcoals are likely to be most effective 
when a single, rapid sorption event is required. Blocking of sorption sites by 
microbes and organic matter will reduce the capacity of the charcoal to sorb metals 
over the longer tenn. This would be of particular importance in reactive barrier 
systems where charcoal would be required to remove metals from the groundwater 
flow over extended periods of time. As the sorption sites become blocked the active 
lifetime of the barrier would be reduced. Finally, charcoal amendments as a 
remediation technology for heavy metals need to be evaluated both in terms of cost
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and efficacy against other soil remediation strategies and soil amendments to 
determine its viability in the field.
8.2. Bioaugmentation
The addition of a contaminant degrading microbial community to soil is considered 
necessary when natural levels are low or non-detectable. For example, when the soil 
contains compounds that are toxic and inhibitory to microbes and where soils are 
contaminated with compounds that require a long acclimatization or adaptation 
period. Predicting the outcome of bioaugmentation remains difficult particularly 
where recalcitrant compounds with low bioavailability are present such as high 
molecular weight PAHs. This work has examined the use of bioaugmentation in soils 
contaminated with mixtures of metals and hydrocarbons to determine both the 
efficacy and necessity of bioaugmentation after metal toxicity had been removed. 
Two aspects of bioaugmentation were investigated; selection of inoculum and 
delivery of inoculum to soil using charcoal as a microbial carrier.
8.2.1. Charcoal as a Microbial Carrier
Bioaugmentation often fails due to rapid declines in the size of the introduced 
populations to ineffective levels. Abiotic factors including the soil texture, pH, 
temperature, moisture content, substrate availability and toxicity impose stress on the 
inoculated population while biotic factors including predation and competition for 
space, nutrients and substrates prevent new populations from becoming established 
(van Veen et al. 1997). Introduced microorganisms need to be able to cope with 
adverse and fluctuating conditions to survive and remain active in the soil. The use 
of cai'rier materials can increase inoculum survival by providing a protective niche 
either physically or nutritionally (van Veen et al. 1997). They also provide a delivery 
system for the distribution of microorganisms throughout the soil. The main 
characteristic of a good microbial carrier is the capacity to deliver the right number of 
viable cells in a good physiological condition at the right time (Bashan 1998). Other 
qualities of the ideal carrier have been listed as:
be nearly sterile or easily sterilised
be as chemically and physically uniform as possible
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be of consistent quality
possess a high water holding capacity
- be suitable for as many strains as possible
- be easily manufactured
allow for the addition of nutrients 
be reasonably priced and readily available
- easy to handle and apply
provide rapid and controlled release of bacteria 
non-toxic
- non-polluting 
biodegradable
provide reasonable shelf-life during storage
As a microbial carrier, charcoal possesses many of these qualities. The carbon 
structure of the chaicoal is relatively inert allowing it to be used as a supporting 
structure to which nutrients can be added and on which microorganisms can be 
grown. The high temperatures of the charring process mean that charcoal is initially 
sterile and the chemical and physical properties remain consistent provided the same 
charring conditions and feedstock are utilized. However, of the different wood 
charcoals investigated in Chapter 4, the feedstock wood had little effect on its 
properties as a microbial carrier suggesting that a variety of feedstocks will be equally 
suitable as long as they have a well developed macropore structure. The assessment 
of charcoal as a microbial carrier in Chapter 4 demonstrated that large populations of 
microorganisms, up to lO^^cfu/g, can be established on charcoal particles and that the 
porous structure provides a surface on which biofilms can grow offering protection 
from metal toxicity. This was further demonstrated in Chapter 6 when charcoal 
inoculated with phenanthrene degraders were added to a metal and phenanthrene 
contaminated soil. When metal toxicity remained (i.e. nettle charcoal was not added) 
populations of phenanthrene degraders failed to establish themselves from the 
indigenous population or from garden soil amendments, demonstrating that the soil 
environment was unsuitable for microbial growth. However, phenanthrene 
populations on inoculated charcoal particles survived in this soil at a level of 2.0 x 
10‘^ cfu/g over 28 days compared to initial levels of 4.8 x lO^cfu/g. In solutions, 
charcoals initially released over lO^cfu/g/hr and after a week this level was
114
lO^cfu/g/hr indicating botli a rapid and prolonged release of microorganisms into the 
surroundings (Chapter 4). Provided soil conditions were hospitable and water 
contents were above 30% water holding capacity, microorganisms rapidly spread 
from charcoal particles into the surrounding soil.
Charcoal additions to soil are already well accepted as a soil improver and while it is 
not biodegradable, charcoal is non-toxic, non-polluting and its residence in the soil 
over long time periods can provide ongoing benefits (Lehmann & Joseph 2009). 
Therefore, along with its use as a carrier of degrading organisms for contaminated 
sites, the charcoal itself can provide benefits to the soil stmcture which can be directly 
beneficial to the bioremediation process. In a recent study, activated carbon was used 
as a carrier to bioremediate a crude oil contaminated soil (Liang et al. 2009). 
Activated charcoal carrying 10^°cells/g of a crude oil degrading consortium was added 
at a rate of 6.25% w/w to a crude oil contaminated soil and was compared with natural 
attenuation, biostimulation and bioaugmentation with liquid culture. 48.89% removal 
was observed with the activated charcoal carrier treatment after 33 days at 30”C 
compared to 13.0% for natural attenuation, 26.3% for biostimulation with nutrients 
and 37.4% for bioaugmentation with a liquid culture. While the provision of a 
microbial population was an important factor in the increased removal of crude oil, 
the activated charcoal treatment was found to maintain the microbial population for a 
longer period compared to the biostimulation and liquid culture treatments, to increase 
and maintain the water content of the soil and to increase the porosity of the soil by 2- 
4%. It was proposed that the activated carbon improved the mass transfer of oxygen, 
nutrients, water and crude oil within the soil which are all limiting factors for the 
biodégradation of NAPLs (non-aqueous phase liquids). The provision of interfaces 
between aqueous and non-aqueous phases is important for the bioremediation of 
heavily oil contaminated soils. This was clearly demonstrated in a comparison of 
degradation of crude oil by microorganisms in the presence and absence of styrofoam 
chips used as carriers (Obuekwe & Al-Zarban 1998). Degradation of total 
hydrocarbons in the presence of styrofoam chips was twice that observed without 
carriers by the same culture (44.4% compared to 22.8%) and was attributed to the 
provision of surfaces on which microorganisms could grow, providing interfaces 
between oil and water phases. Therefore, inoculated charcoals may be of use in the 
remediation of oil spills where the provision of a degrading population can reduce the
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lag time for remediation to begin and the charcoals can improve the surface area over 
which degradation can take place.
For charcoal to be used commercially as a microbial carrier, the ability to store the 
inoculated charcoal product until it is required for use is important. In the patent for 
charcoal as a microbial carrier in bioremediation it was stated that after a period of dry 
storage microbial populations on charcoal dropped to lO^cfu/g from initial levels of 
lO^cfu/g but could be rapidly restored on hydration and addition of nutrients 
(Hutchings et al. 2007). The survival of organisms on charcoal particles will be 
highly dependent on storage conditions including temperature, moisture content, 
dehydration techniques and the organisms themselves and as such needs further 
investigation.
8.2.2. Inoculum Selection for Bioaugmentation
The optimisation of the soil environment by amendments which improve nutrient 
levels, pH, and water holding capacity and remove toxicity can improve conditions 
for bioremediation while microbial carriers can enhance the survival and 
establishment of added microorganisms. However, bioaugmentation can only be 
successfully employed with the selection of suitable microbial populations with the 
correct degradative capacity and activity in the right numbers to be effective. Ideally 
selected organisms will be fast growing, easily cultured, withstand high 
concentrations of contaminants and survive in a wide range of environmental 
conditions.
When the introduced organism has a selective advantage over indigenous populations, 
either nutritionally or spatially, such as the ability to utilize a substrate not used by 
other organisms, only a minimal number of active cells is initially necessaiy for 
application to be effective (van Veen et al. 1997). This was demonstrated in Chapter 
6 where the provision of around 3.2 x lO^cfu/g phenanthrene degraders on inoculated 
charcoal or initially undetectable levels of phenanthrene degraders (<10^cfu/g) in 
garden soil, grew rapidly over the first week after addition to a metal and 
phenanthrene contaminated soil in combination with nettle charcoal to remove metal 
toxicity. The indigenous population however, required approximately 3 weeks to
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reach the same levels as soils that were inoculated. After 28 days only 8% of the total 
amount of phenanthrene in the soil was removed by the indigenous population in the 
soil treated witli nettle charcoal alone, while 28% was removed in soil treated with 
nettle charcoal and garden soil and 40% in soil treated with inoculated charcoal and 
nettle charcoal. Clearly, in this soil, the addition of small numbers of phenanthrene 
degrading microbes was beneficial to the bioremediation process. However, the 
same results were not observed in Chapter 7 in which the soil was contaminated with 
a mixture of diesel, phenanthrene and pyrene. In this soil, the higher total 
concentrations and availability of carbon substrates meant that the addition of 
degrading populations at rates of lO^cfu/g was of no advantage compared to situations 
where the indigenous populations of phenanthrene and diesel degraders were allowed 
to establish, while pyrene degrading organisms were outcompeted and failed to grow.
In situations where an ecological advantage is not present, the inoculation of a 
maximum number of active cells is required for success (van Veen et al. 1997). In the 
microcosm trial in Chapter 7, the ability of the inoculum to degrade pyrene was of 
little ecological advantage to soil organisms since organisms with the capacity to 
grow on pyrene as a carbon source did not increase when added to the soil at the same 
rate as phenanthrene and diesel degraders. As a result, little pyrene removal was 
observed after 28 days. If the rate of pyrene degradation was to be enhanced in this 
soil, then the addition of a pyrene degrading population at a much higher rate could be 
more effective. For example, the addition of pyrene degraders at lO^cfu/g soil is a 
thousand times that added in the microcosm trial. While the pyrene degradation rate 
is likely to remain lower than that of other hydrocarbons in the soil due to its low 
bioavailability, it would give the best opportunity for pyrene to be degraded because 
other, more available carbon substrates remain abundant for use as co-substrates.
The addition of large numbers of microorganisms that suiwive in the soil is not 
guaranteed to give success in bioremediation. Selection of suitable strains that remain 
active when added to the soil environment is vitally important. Genetically modified 
organisms offer the potential to produce organisms tailored to have enhanced survival 
and degradative capacity but they are subject to strict regulation which inhibits their 
use in the environment (Singer et al. 2005). As a result, the most common method to 
select strains for bioaugmentation is to isolate and mass produce them from
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contaminated sites. Single strains of ‘superbugs’ with high degradative capacity and 
ability to survive in the environment are maintained and handed down within research 
groups. These strains are well characterised and have proven degradative ability. 
However, consortia are usually found to work more effectively in the environment 
(Boonchan et al. 2000, Jacques et al. 2008, Singer et al. 2005). This is because 
consortia provide different but complementary metabolic functions for the complete 
degradation of compounds, thereby preventing the build up of toxic secondary 
metabolites which can inhibit single strains. Consortia of microorganisms also have 
more capacity to adapt to the variety of different environments into which they may 
be inti'oduced.
Degrading communities are often isolated using batch-enrichraent culture in liquid 
media which relies on the ability of microorganisms to grow rapidly on a specific 
carbon source. However, this selection procedure does not mimic the conditions in 
the natural soil environment so select organisms which may not be able to survive and 
function when introduced into the soil. An alternative approach is ‘priming’ which is 
predisposing a population of microorganisms to future conditions by enriching soil 
with the contaminants to be degraded to get an adapted community within the soil 
(Singer et al. 2005). The advantage of this is that it achieves a consortium of 
indigenous organisms, including non-culturable microorganisms, which are 
potentially better adapted to survive on site. Priming is a ‘black box’ approach but it 
is attractive since it is relatively inexpensive and not difficult to achieve. However, 
the scale up to large projects can be difficult since it would involve priming large 
amounts of soil. Priming sand was the method used to obtain hydrocarbon degrading 
microbial communities for use in the microcosm trials in Chapters 6 and 7. 
Populations were then washed from the enriched sand and added to the charcoal. 
Maximum population sizes achieved on charcoal in this way were lO^cfu/g. For 
application of charcoal at a 1 % application rate, with the target number of organisms 
in the soil aiming to be lO^cfu/g, in line with the maximum levels reached during 
remediation, then populations on charcoal of lO^^cfu/g would be ideal. To scale this 
up to field scale would also be unfeasible and the direct addition of the primed soil to 
the site would likely be as effective as using charcoal as a carrier.
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Large numbers of specifically selected PAH degraders can be achieved by the 
addition of high concentrations of PAH directly to the charcoal as the sole carbon 
source and tlien allowing populations to grow naturally (Hutchings et al. 2007). 
While this method produces a high number of selected organisms that are well 
established in the charcoal structure, PAH residues in inaccessible areas of the 
chaicoal are highly likely. This is a major issue since this would increase 
contamination levels when applied to the soil. It would also involve the use of large 
volumes of organic solvent to add PAHs to the charcoal in sufficient quantities since 
they have very low water solubility. An alternative is to seed the initial population of 
microorganisms onto the charcoal from the soil environment then supply PAHs 
continuously in the water phase at a rate at which they are degraded so that residues 
do not build up and a specific population is selected. PAH solubility would be a 
major issue using this method, limiting the rate at which microbial populations could 
grow on the charcoal. Therefore the use of surfactants and additional carbon 
substrates would be necessary to enhance solubilisation and microbial growth rates. 
The possibility that the surfactants would be used as a carbon source themselves or 
were toxic to the microbial population would need to be considered (as discussed in
1.3.2.).
8.3. Charcoal Amendments and the Bioavailahility of Organic Compounds
Charcoal is well known for its ability to sorb organic compounds and pyrogenic 
organic matter (chaicoal) is known to strongly sorb non-polar organic compounds in 
the soil (Smernik 2009). Therefore the addition of charcoal to the soil can be 
expected to have an impact on the soil’s sorption properties and tlierefore the 
availability of organic contaminants (Rhodes et al. 2008). While this is advantageous 
if the aim is simply to reduce leachable levels of organic contaminants or for use in 
reactive barriers to remove contaminants from groundwater, a reduction in the 
bioavailability of organic contaminants due to charcoal amendment needs to be 
considered if the aim is the biodégradation of these organic compounds.
The organic sorption affinity of charcoals is generally related to the surface area. 
Higher surface areas lead to greater soiption affinity and therefore the maximisation 
of surface areas is the aim in activated charcoal production. As discussed in Chapter
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3, the non-activated wood charcoals used in this study have relatively low surface 
areas (of the order lOm^/g) and therefore exhibited much lower sorption affinity 
towards phenol than activated charcoals. Added to this, is the effect of inoculation 
which was demonstrated to reduce charcoal’s metal sorption capacity, probably due to 
blockage of surface sites by microorganisms and other organic matter added in the 
media. This effect is likely to also reduce the charcoal’s affinity for organic sorption. 
Therefore, provided the microbial activity in the soil remains high, then soiption of 
organics by charcoal is unlikely to have a large impact on the overall bioavailability 
of organic compounds during bioremediation and any compounds attracted to the 
charcoal surface would also serve as a substrate for microbial degradation.
The availability of organic contaminants for microbial degradation is a major limiting 
factor for biodégradation. The soil used in the microcosm study in Chapters 5, 6 and 
7 was a sandy soil, freshly spiked with contaminants, and as such, hydrocarbons 
should have relatively high bioavailability compared to aged soils with high organic 
matter content in which PAHs are strongly sorbed. Despite this, the low water 
solubility of pyrene makes its natural bioavailability to microorganisms low. The 
combined treatment of charcoal inoculated with high levels of degrading organisms 
along with surfactants, to increase solubility and availability could enhance the 
efficacy of the inoculum and shorten the overall bioremediation process. The 
selection of effective, non-toxic surfactants would need further investigation along 
with the impacts of surfactant addition on the immobilisation of metals by charcoals 
on mixed contaminated sites.
8.4. Conclusions
The removal of metal toxicity using nettle charcoal has been shown to be effective at 
enhancing bioremediation in a mixed metal and hydrocarbon contaminated soil and 
additions of specifically selected microbial populations were unnecessaiy for 
phenanthrene and diesel biodégradation. Characterisation of charcoal mineral content 
is required to determine the mechanism of metal immobilisation and the long term 
stability of the immobilised metals in the soil environment. It has been shown that 
charcoal can be used as an effective microbial carrier supporting large populations of 
microorganisms and enhancing their survival in the presence of heavy metals. The
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selection of suitable microorganisms and formulation of inoculated charcoal requires 
further work if the biodégradation rates of high molecular weigh PAHs are to be 
enhanced. Bioavailability of organic contaminants is a major limiting factor in 
bioremediation; therefore the selection and use of suitable surfactants should be 
investigated.
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